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FOREWORD 


This  report  was  prepared  by  the  Research  and  Development 
Department  of  Electric  Boat  Division  of  the  General  Dynamics 
Corporation  under  USAP  Contract  No.  AP  33(6l6)-6519.  The  contract 
was  initiated  under  Project  No.  7381  "Materials  Application", 

Task  No.  73810,  "Exploratory  Design  and  Prototype  Development". 

The  work  was  administered  under  the  direction  of  the  Directorate 
of  Materials  and  Processes,  Deputy  for  Aeronautical  Systems  Division, 
with  Lt.  Colonel  E.  M.  Kennedy  and  Mr.  P.  Hendricks  acting  as  project 
engineers . 

This  report  covers  work  conducted  from  April  3»  1959  to 
March  31»  I96I. 


Tbs  valdabilltjr  of  six  hot-voz4c  tool  otMlt  %r«a  liiTMtlfttod  to  doval^ 
optlmi  voldlag  proeoduTM.  Void*  wort  aodo  in  ohoot  and  j^to  with  tho 
iDort-gM  tongotoa-ore  and  inort-gaa  oonamabla  alaotrodo  proooaaaa  imdor 
Yarlooa  waldlof  oooditlona* 

farlationa  io  prohaat,  poatbaat,  and  aatrgp  liqiiit  wort  found  to  hart 
atatlatioaUy  aignifioant,  but  praetleaUj  nainportant,  affaeta  on  uanhanlnal 
propartloa  aftor  hardaalag  and  taiaptrlag. 

Moat  aaehaaleal-toat  fbilnroi  wort  inltiatod  la  tho  wolda  wIiatlMr  or  not 
dafoeta  vara  praaaat.  Tha  void  aatal  ratalnad  ita  hatareganaeua  aloroatrue- 
tura  aftar  hardaalag  and  tiparing  aroa  wlian  prarlouaJy  aidijaot  to  annaalli^ 
tjpa  boat  traataoBta* 

Lablgb>raatralBt-toat  atadiaa  Indieatad  that  bot  and  eold  oraokli^  eaa 
oeoar.  Law>taq)aratura  eraoklng  can  ba  praraatad  bj  Ineraaaing  tha  prahaat 
taaparatara. 


Larga-radlaa  Ctaargg-lapaet  apaeiaana  vara  found  to  ba  aora  aatlafaetoij 
than  tha  VHMtebad  apaoiaana  for  tboaa  ataala. 


Tha  hii^taaparatura  void  taaaila  atraagth  at  1000^  waa  190»000  pal 
for  an  B-U  ataalf  It  vaa  raduoad  to  156,000  aftar  boldlag  at  1000^  for  24 


•hMlI  analf  praaaura  aaaaala  vara  taatad  both  dpcaaloall/  and  atatieaUjr. 
Shaat-balga  taata  vara  taatad  dpaaaloallj.  Oha  out  of  four  vaaaala,  aad  thraa 
out  of  flva  balga  apaoiaana  fallad  at  ralatlvalp  high  atraagtha. 


rauoiTioi  iBfnv 


Thla  raport  baa  baaa  rarlavad  aad  la  i^provad. 
FOE  TB  OGNUIDBi 


z.  manamm 

Chlaf ,  fhpaleal  Natallurgir  Bmaeh 
Matala  aad  Oaraatoa  Laboratoqr 
Dlraatorata  of  Natarlala  «ad  Rroeaaaaa 
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INTRODUCTION 


Hot -work  tool  steels  are  among  the  most  promising  materials 
for  use  in  aircraft  and  missiles .  High  tensile  strengths  in  the 
range  of  250,000  to  300,000  psi  give  these  materials  a  favorable 
strength-to-welght  ratio.  These  steels  also  possess  good  high 
temperature  properties  when  tempered  in  the  range  of  1000  F. 

Warpage  is  reduced  since  these  steels  are  air  hardening.  In 
addition  the  material  can  be  obtained  readily  in  a  wide  variety 
of  forms. 

The  hot-work  tool  steels  are  being  considered  for  structural 
members  where  weight  reduction  and  strength  are  both  necessary, 
and  for  rocket-motor  cases  where  strength  at  elevated  temperatures 
may  be  required. 

The  tool  steels  have  not  been  seriously  considered  for 
exterior  skin  of  aircraft  because  they  lack  adequate  corrosion 
resistance  ,  The  corrosion  resistance  problem  is  receiving 
attention,  however,  and  for  temperatures  above  375  F  an  aluminized 
silicone  enamel  is  employed.  Special  non-embrittling  plating  and 
vapor  deposition  methods  are  also  employed. 

V/elded  structural  members  must  v/lthstand  rapidly  applied 
loads  at  temperatures  as  low  as  -65  F,  v:hile  rocket  cases  must 
v/ithstand  explosive  loading  (particularly  v/hen  solid  fuels  are 
used)  under  biaxial  loading  conditions.  The  weld  metal  may  contain 
defects  which  are  the  equivalent  of  a  notch.  These  conditions  are 
conducive  to  producing  brittle  fractures.  One  of  the  problems  is 
to  learn  hov/  to  weld  these  materials  and  maintain  strength, 
ductility,  and  resistance  to  brittle  fracture  of  the  v/elded 
assemblies . 

The  main  objective  of  this  program  ..as  to  determine  the 
effects  of  v;elding  parameters  of  preheat,  postheat,  and  energy 
input  on  the  mechanical  properties  of  sheet  and  plate  v;eldments 
after  hardening  and  tempering  for  six  different  hot-v/ork  tool 
steels.  It  was  also  necessary  to  develop  procedures  for  v/eldlng 
these  steels.  Both  inert-gas  tungsten  electrode  (TIG)  and  inert- 
gas  consumable  electrode  (MIG)  v/eldlng  processes  vyere  used  in  this 
investigation.  These  air-melted  steels  were  welded  in  the 
annealed  condition  v/ith  filler  v/lre  from  the  same  heat  of  steel. 

After  v/eldlng  they  were  hardened  and  tempered  and  evaluated  by 
tensile,  bend,  and  impact  tests.  Restraint  tests,  chemical 
analyses,  and  metallographic  examinations  v;ere  also  performed  on 
the  v/eldments.  The  type  of  cracking  and  the  effects  of  preheat 
on  the  restraint  cracking  behavior  of  the  six  steels  were  determined. 
High  temperature  properties  of  v/eldments  v/ere  determined  at  400, 

600,  and  1000  F.  Micro-examination  of  weldment  microstructures 
in  the  as -v/elded  condition  v/as  conducted  to  determine  the  effects 
of  v/elding  conditions  on  microstructure  before  hardening  and 
tempering. 

Manuscript  released  May  1961  for  publication  as  an  ASD  Technical 
Report . 
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The  Influence  of  welding  parameters  on  mechanical  properties 
of  v/elded  Joints  v/as  studied  in  detail  for  an  H-11  type  steel. 

This  information  was  then  used  to  select  the  welding  parameters 
for  the  other  tool  steels  studied  in  the  program. 


LITERATURE  SURVEY 


General  Status  of  the  Field 

The  aircraft  and  missile  industries  are  searching  for 
materials  which  have  good  hot-strength  and  high  strength-to-weight 
ratios.  Aluminum  has  a  good  strength-to-vielght  ratio  but  lacks 
adequate  high  temperature  properties.  The  low  alloy  steels,  such 
as  AISI  4340  and  AISI  4130,  have  been  used  to  a  great  extent. 
Increased  strength  of  these  steels  is  achieved  by  lowering  the 
tempering  temperature,  thereby  limiting  their  high  temperature 
range.  Titanium  exhibits  a  superior  strength-to-welght  ratio  but 
fabrication  la  still  considered  a  problem.  The  high  temperature 
limit  of  titanium  alloys  is  below  that  of  the  hot-work  tool 
steels.  Other  materials  under  consideration  for  aircraft  and 
missile  applications  are  the  refractory  metals,  modified  12  per¬ 
cent  chromium  steels,  and  austenitic  stainless  steels. 

Some  of  the  most  promising  materials  for  current  use  in  air¬ 
craft  are  the  chromium-alloy  hot-work-tool  steels.  A  high 
strength-to-welght  ratio  is  combined  with  good  hot  strength,  ease 
of  fabrication,  and  favorable  cost  and  availability. 

In  an  effort  to  reduce  the  weight  of  airborne  stznictures, 
safety  factors  have  been  reduced  to  the  order  of  1.1^.  Therefore, 
the  mechanical  properties  of  the  weld  metal,  heat-affected  zone, 
and  base  metal,  must  be  as  uniform  as  possible.  It  is  not 
difficult  to  achieve  strength  in  a  weld  equal  to  that  of  the 
base  material,  but  it  is  difficult  to  obtain  uniform  ductility  in 
a  weldment  even  when  a  heat  treatment  follows  the  v/eldlng  operation. 


Welding 

The  weldability  of  hot-work  tool  steels  is  considered  good 
if  proper  techniques  are  used.  These  steels  are  generally  pre¬ 
heated,  v;elded  in  the  annealed  condition,  and  stress-relieved  (or 
postheated) . 

The  inert-gas  tungsten-arc  welding  process  (TIG)  is  most 
often  used  for  welding  thin  plate  and  sheet  materials.  The  inert- 
gas  consumable -electrode  process  (MIG)  is  used  for  welding  thicker 
sections.  The  submerged-arc  and  metal-arc  coated-electrode 
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processes  have  been  used  also  for  welding  thicker  plates.  In  the 
submerged -arc  process  the  flux  contains  some  of  the  alloying 
elements,  and  It  has  been  discovered  that  their  effect  Is  dependent 
upon  the  welding  voltage.  Several  commercial  coated  electrodes 
have  been  used  to  v/eld  some  of  the  hot-work  tool  steels.^ 

It  Is  generally  recommended  that  the  v/eld  filler-wire  be  of 
the  same  composition  as  the  base  material  In  order  to  produce 
uniform  mechanical  properties.  Good  results  have  been  reported, 
however,  with  wire  containing  slightly  less  carbon  than  the  base 
material. 2 

Although  It  Is  believed  that  the  hot-work  tool  steels  are 
susceptible  to  hydrogen  embrittlement.  It  Is  likely  that  the  heat 
treatments  following  welding  drive  off  all  hydrogen  In  the  material. 

Many  variables  of  the  welding  procedure  directly  Influence 
the  microstructure  and  properties  of  weldments  that  are  not  heat- 
treated  after  welding.  Since  weldments  of  hot-work  tool  steels 
are  heat-treated,  effects  of  weld  variables  may  not  be  so  pronounced. 
Nevertheless,  the  microstructure  prior  to  heat -treatment  may 
Influence  the  final  heat-treated  microstructure  and  resultant 
mechanical  properties. 

Preheat 


Rapid  cooling  during  weld  metal  solidification  raises  the 
fracture-transition  temperature  of  both  the  weld  metal  and  base 
plate  In  the  as-welded  condltlons3.  Therefore,  a  preheat  Is 
beneficial  because  it  reduces  the  cooling  rate.  Of  course,  preheat 
does  not  have  the  effect  of  reducing  residual  stresses  as  does 
postheating. 

Postheat 


For  steels  which  are  to  be  heat-treated  after  welding,  a 
postheat  (usually  above  1000  P)  serves  as  a  stress  relief  operation 
to  prevent  fracturing  from  rough  handling  prior  to  heat-treating. 
The  postheat  temperature  la  Important  since  It  will  affect  the 
final  heat-treat  microstructure. 

Energy  Input 

It  has  been  reported  that  variations  In  voltage,  amperage, 
and  travel  speed  can  be  considered  as  one  variable,  the  energy 
Input,  Higher  energy  input  was  reported  to  result  In  xi/eaker  but 

1  Reference  2 

2  Reference  3 

3  Reference  4 
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more  ductile  welds  in  the  as-welded  condition^.  Higher  energy 
input  also  reduces  the  weld  cooling  rate  somewhat. 

Heat -Treatment 


As  the  hot-work  tool  steels  are  austenitized  at  higher 
temperatures  more  carbides  are  dissolved  In  the  austenite  (which 
results  In  greater  hardness);  however,  the  grain  size  Is  increased 
and  there  Is  a  tendency  to  retain  more  austenite  upon  quenching. 

It  Is  apparent  that  there  is  an  optimum  austenitizing  temperature 
v/hlch  gives  the  required  strength  and  hardness.  These  steels  are 
hardened  by  air  cooling  or  an  oil  quench;  air  cooling  is  pre¬ 
ferred  since  it  results  in  less  distortion. 

The  hot-work  tool  steels  are  susceptible  to  decarburlzatlon; 
therefore,  heating  should  be  done  in  a  slightly  reducing  atmos¬ 
phere  or  a  salt  bath. 

Tempering  is  done  at  temperatures  around  1000  F  where  second 
ary  hardening  occurs.  Tv/o  and  sometimes  three  tempering  cycles 
are  employed  to  eliminate  the  embrittling  effects  of  martensite 
transformed  from  retained  austenite.  These  steels  contain  small 
amounts  of  retained  austenite  in  the  as-quenched  condition,  most 
of  v/hlch  are  transformed  to  untempered  martensite  after  the  first 
tempering  operation.  These  small  amounts  of  untempered  martensite 
are  brittle  and  must  be  tempered  by  a  second  tempering  operation. 
For  steels  in  v/hich  the  transformation  is  quite  sluggish  a  third 
temper  or  a  deep  freeze  operation  may  be  advisable. 

Evaluation  Tests  for  Weldments 


The  chromium-alloy  hot -work  tool  steels,  as  well  as  most 
crystalline  materials,  may  fracture  in  either  a  ductile  or  a 
brittle  manner.  In  evaluating  the  effects  of  welding  procedure 
on  mechanical  properties,  it  is  necessary  to  determine  if  the 
resistance  to  fracture  of  the  weld  region  is  equal  to  that  of  the 
base  metal  with  respect  to  both  ductile  and  brittle  behavior. 

The  extent  to  v;hlch  the  weld  region  and  base  metal  can  be  compared 
depends  upon  the  selection  of  the  proper  weldment  evaluation  tests 

Unnotched  specimens  are  used  to  determine  ultimate  strength, 
yield  strength,  and  ductility  which  predicts  the  resistance  of 
..letals  to  ductile  fracture.  The.  tendency  of  a  metal  to  fracture 
in  a  brittle  manner  is  determined  by  notched  specimens. 

Mechanical  Properties 

Published  transverse  and  longitudinal  tensile  properties  of 
H-11  steel  sheet  and  plate  v;ere  reviewed.  The  specimens  were 
austenitized  at  I850  F,  air  cooled,  and  double  tempered  at  various 
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temperatures.  As  the  tensile  strength  decreased,  the  ductility 
Increased.  A  compromise  between  good  strength  and  ductility  was 
achieved  at  tempering  temperatures  of  1000  to  IO50  F.  The  strength 
and  ductility  v/ere  lower  for  the  sheet  material.  Ductility  was 
greatly  reduced  v/hen  the  material  was  tested  transverse  to  the 
major  rolling  direction. 

DESCRIPTION  OF  PROJECT 


This  section  discusses  the  materials,  equipment,  and 
procedures  used  In  this  program  for  welding,  heat  treating,  and 
testing. 


Materials 


Six  different  hot-v;ork  tool  steels  were  Investigated  In  this 
prograunj  their  compositions  are  given  In  Table  1.  Moat  of  the 
steels  are  of  modified  H-11,  H-12,  and  H-I3  compositions.  All 
further  reference  In  this  report  to  a  steel  as  a  specific  type 
(l.e.,  H-11,  Type  No,  3)  should  be  understood  to  mean  the  modified 
composition  given  In  Table  1.  The  weld  filler  wires  were  of  the 
same  composition  and  from  the  same  heat  as  the  corresponding  base 
metals . 


A  maximum  limit  of  0.012  percent  phosphorous  and  sulfur  v/as 
requested  to  reduce  the  likelihood  of  v/eld  cracking.  Some  of  the 
steel  producers  could  not  meet  this  requirement  in  an  air-melted 
steel,  therefore  the  llmlnts  v/ere  Increased  to  O.OI5  percent. 
Composition  limits  specified  upon  purchase  of  the  steel  and  actual 
compositions  of  v;eld  v/lre  and  weld  metal  determined  by  spectro- 
graphic  and  analytical  analyses  are  given  In  Table  1,  It  Is 
evident  that  the  limits  for  phosphorous  and  sulfur,  as  well  as 
some  other  elements,  were  exceeded  for  some  steels.  Carbon  content 
of  the  v/eld  wires  was  generally  within  the  specified  limits, 
indicating  that  decarburlzatlon  did  not  occur  during  drav/ing. 

The  loss  of  carbon  during  the  welding  process  was  greater  for  plate 
v/elded  by  the  MIG  process  than  for  sheet  v/elded  by  the  TIG  process. 

Base  metal  v/as  ordered  in  0,090  -  0.009-lnch  thick  sheet  and 
0.500  i  0.040-lnch  thick  plate  In  a  hot-rolled,  annealed  and 
pickled  condition.  Decarburlzatlon  limits  for  sheet  were  a  hard¬ 
ness  variation  of  tv;o  points  Rockv;ell  "c"  or  equivalent  and  a 
maximum  decarburlzatlon  depth  of  O.OO3  inch.  For  plate,  the 
decarburlzatlon  limits  v;ere  three  points  Roci:v;ell"c"  and  0,02- 
inch  maximum  depth. 
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TABLE  1.  CHEMICAL  COMPOSITION  OF  WELD  WIRE  AND  WELD  METAL  FOR  AIR-MELTED  STEELS 
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Heat  Treatment 


All  steels  were  hardened  at  an  austenitizing  temperature  of 
1850  +  25  F,  still-air  cooled  to  room  temperature,  and  double 
tempered  at  1050  t  10  P  for  two  plus  two  hours.  All  post-weld 
heat  treatments  and  hardening  and  tempering  operations  were  con¬ 
ducted  in  an  argon  atmosphere  except  for  the  pressure  vessel 
specimens  which  were  hardened  and  tempered  in  dissociated  ammonia 
(in  a  larger  furnace).  Decarburization  of  the  pressure  vessels 
and  bulge  test  specimens  was  not  appreciable.  The  surfaces  of 
the  other  test  specimens  were  finish  ground,  thereby  eliminating 
all  traces  of  decarburlzatlon. 


Welding 

Welding  Processes  and  Equipment 

The  automatic  Inert-gas-shielded,  tungsten-arc  welding  process 
(tig)  was  used  to  prepare  the  butt  weldments  for  all  the  O.09O- 
Inch  sheet  material.  A  300-£unp  d-c  (straight  polarity)  rectifier- 
type  arc-welding  machine  with  an  open-circuit  voltage  of  80  volts 
was  used.  The  arc  was  started  on  a  starting  tab  by  the  retract 
method.  A  3/32-lnch  diameter,  two  percent  thorlated-tungsten 
electrode  was  used.  The  electrode  was  ground  with  a  double  taper 
to  permit  greater  current  density  and  minimize  loss  of  tungsten 
into  the  v/eld  deposit. 

The  automatic  Inert-gas-shlelded  consumable-electrode  (MIG) 
welding  process  v.'as  used  to  prepare  the  0.500-lnch  butt  and  Lehigh 
restraint  plate  v/eldments.  A  750-amp  constant -voltage-type  welding 
machine  v/lth  a  maximum  open-circuit  voltage  of  50  volts  was  used. 

Joint  Design 

A  single-bevel,  60-degree,  Included-angle,  V-Jolnt,  0.040- 
Inch  ±  0.010-inch  land,  and  0.060-inch  root  opening  was  used  for  the 
0.090-lnch  sheet.  Starting  and  xnin-off  tabs  were  welded  to  both 
ends  of  the  one-foot-long  specimen  prior  to  the  v/eldlng  operation. 
The  0.060-lnch  root  opening  was  used  to  permit  the  use  of  a  rela¬ 
tively  lov/  energy  heat  input,  yet  one  that  could  be  varied  for 
parameter  variation  studies. 

A  double-bevel,  45-degree,  included-angle,  V-jolnt  design  v/as 
used  for  the  0.500-inch  plate  material.  An  0.045-lnch  root  opening 
and  a  0.060-inch  ±  0.010-lnch  land  v;ere  used.  Starting  and  run¬ 
off  tabs  were  used  for  plate  welds  also. 

All  Joints  were  machined  parallel  to  the  predominant  rolling 
direction  of  the  sheet  and  plate,  the  only  exception  being  the 
pressure  vessels,  v/hose  longitudinal  v;eld  was  transverse  to  the 
rolling  direction. 
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V/eldlng  Fixtures 


Sheet  Welctoents  -  The  sheet  welding  was  accomplished  on  a  flat- 
plate  v/elding  fixture.  This  fixture  was  then  mounted  on  a  variable 
speed,  motor-driven  carriage  which  traversed  the  specimen  under  the 
tungsten-arc  torch.  An  automatic  filler-wire  feeder  wad  used,  as 
shovm  in  Figure  1. 

A  copper  back-up  bar,  with  an  1/8-lnch  radius  groove  and 
0.040-lnch  diameter  holes  spaced  at  one-inch  intervals  along  the 
length,  was  used  to  direct  the  purging  gas  on  the  underside  of  the 
weld  Joint.  This  copper  back-up  bar  was  placed  in  a  groove  in  the 
flat -plate  fixture  with  the  surface  flush  v/ith  the  top  of  the 
fixture . 

Electrical  strip-heaters  were  used  to  maintain  the  desli?ed 
pi^heat  and  interpass  temperatures.  The  required  temperature  was 
maintained  by  a  temperature -deviation  on-off  controller. 

The  sheet  specimens  were  held  In  place  by  heavy-duty  quick- 
acting  clamps. 

The  welding  of  the  longitudinal  se£un  of  a  pressure  vessel 
with  the  TIG  equipment  is  shown  in  Figure  1. 

Plate  Weldments  -  The  plate  weldments  were  prepared  on  the  welding 
fixture  described  above  with  the  exception  that  the  MIG  welding 
head  traveled  on  a  side-beam  carriage  and  the  fixture  remained 
stationary.  A  copper  back-up  bar  was  shaped  to  fit  the  underside 
groove  of  the  weld  Joint  and  to  eliminate  copper  pick-up  in  the 
vfcld  metal.  This  back-up  bar  was  also  placed  in  the  groove  of  the 
flat-plate  fixture  and  was  flush  with  the  top  of  the  fixture. 
Electrical  strip-heaters  and  an  on-off  controller  were  used  to 
maintain  the  desired  preheat  and  Interpass  temperatures. 

The  Lehigh  restraint  tests  were  conducted  in  the  same  manner 
with  the  exception  that  no  copper  back-up  bar  was  used.  The  MIG 
equipment  is  shown  in  Figure  2. 

Cleaning  Studies 

Cleanliness  is  one  of  the  most  important  factors  in  achieving 
a  sound  quality  v/eldment.  Items  which  contributed  to  the  soundness 
of  the  weld  deposit  were  the  cleanliness  of  the  weld  filler  wires, 
base  metals,  and  shielding  gases,  as  well  as  methods  of  cleaning 
betvreen  passes. 

Filler  Wire  -  The  most  successful  method  of  obtaining  quality- 
grade  v/elding  filler  wire  was  to  purchase  level-wound  spooled  -weld 
with  a  bright  finish.  The  filler  wire  was  packaged  in  a  hermetically 
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FIGURE  1  WELDING  LONGITUDINAL  SEAM  OF  PRESSURE  VESSEL  WITH  THE 
AUTOMATIC  TIG  WELDING  PROCESS 


FIGURE  2  INERT-GAS  CONSUMABLE-ELECTRODE  WEI  DING  PROCESS 
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sealed  container  containing  a  desiccant.  Copper  flashing  v/as  not 
permitted  because  foreign  material  could  be  entrapped  underneath 
the  copper  flash.  Oxidation  of  the  wire  occurred  in  a  few  instances 
when  the  vendor  neglected  the  desiccant  and/or  Improperly  sealed 
the  packaging  container.  In  these  cases,  the  wire  was  recleaned  in 
the  laboratory  prior  to  use. 

Sheet  and  Plate  Material  -  The  as -received  sheet  and  plate  materials 
were  machined  to  the  required  Joint  geometry.  Prior  to  v^eldlng, 
the  top  and  bottom  surfaces  of  the  specimens  were  hand-ground  to 
remove  any  mill  oxide  for  a  minimum  distance  of  one  inch  from  the 
beveled  Joint,  and  v/ashed  with  1-1-1  trlchloroethane  solvent  to 
remove  any  traces  of  oil  or  oxide  prior  to  the  welding  operation. 

The  possibility  of  oxide  formation  during  preheating  above 
550  F  v/as  reduced  by  allowing  only  a  short  time  between  setting  up 
the  sheet  specimens  and  the  actual  welding  operation.  Hov/ever,  In 
the  heav.er  0.500-lnch  thick  specimens,  the  surface  was  protected 
by  inert-gas  during  the  preheat  operation  since  a  longer  time  was 
required  to  obtain  temperatures  above  550  F, 

Multipass  Welding  -  A  cleaning  operation  was  required  between 
passes  in  multipass  welding.  Unless  a  trailing  shield  was  used  in 
addition  to  torch  shielding,  an  oxide  scale  formqd  v/hlch  v/as 
removed  by  a  forceful  hand  or  power  brushing  operation  for  the 
0.090-inch  sheet  material.  The  oxide-scale  on  the  0.500-lnch 
thick  plate  v/as  completely  removed  by  hand-grinding  between  passes. 

Shielding  and  Purging  Gases 

Both  argon  and  helium,  and  a  combination  of  the  two  gases, 
were  used  in  initial  studies  for  shielding  the  arc  during  TIG 
welding  of  the  sheet  material.  Consistent  penetration  and  arc- 
stability  were  obtained  with  100  percent  argon  gas  in  the 
previously  described  Joint  geometry.  The  purging  gas  was  100 
percent  argon. 

Pure  helium  v/as  used  with  the  TIG  automatic  process  for 
v/elding  0.500-inch  plate.  The  helium  gas  did  not  produce  any 
apparent  porosity  upon  radiographic  examination,  using  a  two  per¬ 
cent  penetrameter  sensitivity,  and  good  arc  stability  was  obtained. 
Special  tests  were  conducted  with  the  helium  gas  to  insure  that  the 
gas  was  free  of  moisture.  Helium  was  best  suited  for  this  applica¬ 
tion  since  maximum  penetration  was  desired. 

The  shielding  gases  used  with  the  MIG  process  on  the  0,500- 
inch  plate  were;  argon  +  1^  oxygen,  100^  argon,  and  100^  helium. 
The  best  cleanliness,  arc  stability,  and  penetration  resulted  from 
the  use  of  argon  +  1%  oxygen  gas.  Argon  +  2^  oxygen  gas  was  not 
used  because  of  the  possible  detrimental  loss  of  alloying  elements. 
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In  all  the  welding  processes  used  (manual  TIQ,  automatic  TIG, 
and  the  automatic  MIG)  the  rate  of  flow  of  the  shielding  and 
purging  gases  had  to  be  carefully  controlled  to  minimize  gas 
turbulence  and  possible  aspiration  of  air  into  the  arc-column. 

Inspection  Methods 

Welds  were  closely  Inspected  as  the  welding  progressed. 

Visual  inspection  was  used  during  the  progress  of  welding.  The 
weldments  were  partially  ground  to  remove  the  weld-bead  reinforce¬ 
ment  before  being  radiographed.  Radiographs  of  the  0,090-Inch  sheet 
weldments  were  satisfactory  with  a  two-percent  penetrameter 
sensitivity.  However,  the  radiographs  of  the  0.500-inch  weldments 
were  not  satisfactory  at  this  sensitivity,  since  fine  porosity, 
which  was  later  found  to  reduce  the  mechanical  properties  (ductility) 
of  the  materials,  was  not  detected.  To  increase  the  radiographic 
sensitivity  the  weld-bead  reinforcement  was  removed  from  all  sheet 
and  plate  weldments  and  the  penetrameter  sensitivity  increased  to 
one  percent,  l^on  meeting  the  radiography  requirements,  the  weld¬ 
ments  were  machined  for  the  mechanical-properties  tests. 

Welding  Procedures 

Automatic-TIG  Sheet  Weldments  -  The  initial  procedures  for  sheet 
weldments  were  developed  on  H-11  steel  No.  3,  The  arc  voltage, 
v/elding  current,  v/ire-feed  rate,  and  travel  speed  were  varied  to 
give  three  conditions  of  energy  input.  These  welding  procedures 
were  used  for  the  remaining  five  steels  with  slight  modifications 
in  vfelding  current,  filler-wire  feed  rate,  and  travel  speed. 
Satisfactory  weld-face  build-up  and  penetration  were  obtained  in 
all  test  plates.  No  transverse  cracks  were  experienced  using  the 
copper  back-up  bar  on  the  backside  of  the  weld,  since  the  penetra¬ 
tion  was  controlled  so  that  the  weld  metal  did  not  touch  the 
back-up  bar.  The  welding  conditions  are  given  in  Table  2. 


TABLE  2.  TYPICAL  CC8JDITI0NS  FOR  AUTCWATIC  TIG 
WELDING  OP  0.090-INCH  SHEET  WELFMENTS 


Low  Energy  Medium  Energy  High  Energy 

Input ,  Input ,  Input , 

Condition  6550  Joules/in  7900  Joules/ln  10,100  Joules/in 


Preheat  and  Inter- 
pass  Tenp.,°P 
Arc  Voltage,  V. 

Arc  Current,  amp, 
DCSP 

Filler-I71re  Dia., 
In. 

Wire  Feed  Rate,  ipm 


400  j  600 1 800 

10.0 

120 

0.046 

21 


400; 600 j 600 

10.0 

115 

0.046 

21 


400;600;800 

10.0 

135 

0.046 

32 
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TABLE  2.  typical' CONDITIONS  FOR  AUTOMATIC  TIG 
WELDING  OF  O.O9O-INCH  SHEET  WELIMENTS 

(Cont 'd.) 


Condition 

Work  Travel  Speed, 
1pm 

Shielding  Gas 
Purging  Gas 
Torch  Shield  Gas 
Plow,  cu  ft/hr 
Purging  Gas  Plow, 
cu  ft/hr 

Tungsten  Electrode, 
Dla  • ,  In  • 

Number  of  Passes 


Low  Energy  Medium  Energy  High  Energy 

Input,  Input,  Input, 

6550  Joules/ln  7900  .loules/ln  10,100  .1oules/ln 


11 

8-3/4 

8 

Argon 

Argon 

10 

Argon 

Argon 

10 

Argon 

Argon 

10 

10 

10 

10 

3/32 

3/32 

3/32 

2 

2 

1 

Single-  and  double-pass  sequences  were  used  In  developing  the 
welding  procedures  Initially  with  H-11  steel  No.  3.  All  the 
weldments  In  the  other  five  steels  were  prepared  with  the  double¬ 
pass  sequence.  Pull  penetration  and  satisfactory  underbead  contour 
with  a  minimum  enei^  Input  v;as  obtained  In  the  first  pass. 

Filler  wire  was  used  In  both  passes.  For  the  second  pass,  suffi¬ 
cient  flller-metal  v/as  provided  to  obtain  the  desired  weld-face 
bead  contour. 


Manual-TIO  Sheet  Weldments  -  Steel  No.  2  was  developed  for  only 
the  manual  TIG  welding  proceduz^e.  The  procedure  consisted  of  two 
passes  on  one  side.  The  welding  conditions  are  given  In  Table  3. 
The  lower  energy  input  vias  used  on  the  first  pass  to  control  the 
amount  of  v/eld  penetration.  The  higher  energy  Input  was  used  In 
the  second  pass  to  provide  sufficient  heat  to  melt  the  filler  wire 
and  obtain  the  weld-face  contour. 


TABLE  3.  liTELDDK}  CONDITIONS  FOR  MANUAL  TIG 

ITELDING  OP  SHEET  (0. 090-in.)  WELDMENTS 


Condition 

Preheat  and  Interpass  Temp.,  °P 
Arc  Voltage,  V. 

Arc  Current,  amp,  DCSP 
Filler  Wire  Dla.,  in. 

Travel  Speed,  1pm  (approximate) 
Shielding  Gas 
Purging  Gas 

Torch  Shield  Gas  Flov/,  cu  Ct/hr 
Putting  Gas  Plow,  cu  ft/hr 
Tungsten  Electrode  Dla.,  In. 

Cup  Size 

Energy  Input,  Joules/ln. 


Pass  No.  1  Pass  No.  2 


400 

400 

10.0 

12.0 

103 

115 

0.062 

0.062 

8 

7-1/2 

Argon 

Argon 

Argon 

Argon 

10 

10 

10 

10 

¥0^6 

3/32, 

No.  6 

7,700 

11,000 
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Automatic -MIQ  Plate  Wel(toent3  -  The  initial  procedures  for  plate 
v/eldments  were  developed  also  on  steel  No.  3.  The  procedures  were 
developed  using  single  and  double-passes  per  side  with  appropriate 
energy  Inputs.  These  welding  procedures  had  to  be  modified  for 
each  steel  to  obtain  the  best  arc  stability.  After  a  high  Incidence 
of  porosity  was  found  In  welded  plate  of  steel  No.  3,  a  trailing 
shield  was  used  for  the  other  steels  to  help  reduce  heavy  pxldlza- 
tlon  of  each  weld  pass.  The  welding  conditions  are  given  In  Table  4. 


TABLE  4.  TYPICAL  WELDING  CONDITIONS  FOR  AUTOIATIC 
MIG  0.500-INCH  PLATE  WELDMENTS 


Condition 

Preheat  and  Interpass 
Temp.,  °P 
Arc  Voltage,  V. 

Arc  Current,  amp,  ®CRP 
Filler  Wire  Dla.,  In. 

Wire  Feed  Rate,  ft  pm 
Travel  Speed,  1pm 
Shielding  Gas 
Trailing  Gas 
Torch  Shield  Gas  Flow, 
cu  ft/hr 

Trailing  Shield  Gas  Flow, 
cu  ft/hr 

Number  of  Passes,  per  side 


40.600  Joules/ln 
400 j 800 

29.0 

350 

0.062 

17-1/2 

15 

Argon  +  IJj  Og 
Argon  ^ 

50 

50 

2 


50.000  Joules/ln 
400 j 800 

29.0 

330 

0.062 

15 

11.5 

Argon  +  1^  0^ 
Argon  ^ 

50 

50 

1 


Single-  and  double-pass  per  side  weldments  were  made  Initially  In 
plate  of  steel  No.  3.  Hie  remaining  five  steel  plate  weldments 
were  made  with  a  double-pass  per  side. 


Automatlc-TIG  Plate  Weldments  -  Steel  No.  2  was  the  only  steel  for 
which  the  plate  was  welded  with  the  automatic  TIG  process.  The  two 
pass  per  side  procedure  was  used.  The  welding  conditions  are  given 
In  Table  5* 


TABLE  5.  WELDING  CONDITIONS  FOR  AUTOMATIC 
TIG  0.500-INCH  PLATE  WELDMENTS 


Conditions 

Pi^heat  and  Interpass  Temp.,°F 
Arc  Voltage,  V. 

Arc  Current,  amp,  DCSP 
Filler  v/lre  Dla.,  In. 

Wire  Feed  Rate,  ipm 
Travel  Speed,  ipm 


Energy  Input, 
51.000  .1oules/ln 

400j800 

14.0 

304 

0.062 

20-30 

5 
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TABLE  5.  WELDING  CONDITIONS  FOR  AUTOMATIC 
TIG  0.500-INCH  PLATE  WELEMENTS 

(cont 'd. ) 


Energy  Input, 
51.000  Joules/ln 


Shielding  Gas  Helium 

Purging  Gas  Argon 

Torch  Shield  Gas  Plow,  cu  ft/hr  20 

Purging  Gas  Plow,  cu  ft/hr  10 

Tungsten  Electrode  Dla.,  In.  1/8 


Bulge  Specimens  and  ^essure  Vessels  -  The  bulge  specimens  were 
welded  with  the  double-pass  sequence.  The  first  pass  was  manually 
TIG  welded  and  the  second  pass  was  welded  by  the  automatic  TIG 
process.  An  energy  Input  of  approximately  7900  Joules  per  Inch  was 
used  for  both  passes.  It  was  necessary  to  use  manual  TIG  v/eldlng 
for  the  first  pass  because  the  root-opening  was  machined  wider  than 
required,  and  the  automatic  welding  process  would  not  permit  bridging 
the  gap  as  easily  as  the  manual  TIG  welding  process .  The  preheat 
temperatuz^  used  was  400  F.  The  other  conditions  are  given  In 
Table  2. 

The  girth  and  boss  welds  of  the  pressure  vessel  were  tacked 
every  90  degrees  by  the  manual  TIG  process  and  filler  wire,  as 
described  under  tack  v/eldlng.  The  manual  TIG  process  was  used  for 
these  girth  and  boss  Joints  with  an  energy  Input  of  7700  Joules 
per  Inch  which  Is  slightly  below  the  medium  energy  level  of  7900 
Joules  per  Inch  given  In  Table  2.  Other  conditions  are  listed  In 
Table  2.  For  the  girth  welds,  a  three-pass  sequence,  quartering  every 
180  degrees,  was  used.  The  boss  welds  were  made  using  a  two- 
pass  sequence,  quartering  every  I80  degrees.  The  manual  TIG 
process  and  the  quartering  l80-degree  sequence  were  used  to  minimize 
any  possible  distortion  during  welding  since  elaborate  flxturlng 
v;a8  not  used  during  the  welding  operation. 

Lehigh  Restraint  Tests  -  The  modified  Lehigh  restraint  tests  were 
welded  with  the  MiG  process.  Only  one  pass  at  any  energy  Input  of 
40, 600  Joules/Inch  v;as  made  In  each  test  specimen.  The  other 
v;eldlng  conditions  are  given  In  Table  4,  automatic  MIG  0.50-lnch 
welding  conditions. 

Tack  Welding  -  No  tack-welding  was  permitted  In  the  flat-sheet  or 
plate  weldments .  Previous  experience  with  other  low-alloy  steels 
has  shown  that  tack  welds  may  be  a  source  of  porosity  and  cracks. 

Since  tack  welds  are  usually  made  with  a  lov/er  preheat,  rapid 
cooling  of  the  weld  area  and  the  high  shrinkage  stresses  Induce 
cracks  and  porosity.  In  the  small-diameter  pressure  vessels,  tacking 
was  used  only  in  the  circumferential  and  boss  welds.  This  tacking 
operation  consisted  of  using  a  preheat  of  5OO  F,  producing  large 
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and  frequent  tacka  vrith  the  addition  of  filler  metal  to  overcome 
the  high  shrinkage-stresses,  and  minimizing  the  possibility  of  cracks 
by  a  slower  cooling  rate. 

Weld  Repair  -  V/eld  repairs  were  made  on  some  of  the  bulge  specimens 
and  pressure-vessel  weldments  of  steel  No.  2.  These  v;eldments  v;ere 
previously  postheat-treated  at  I350  P  for  tv;o  hours  or  at  I700  P 
for  1/2  hour,  then  air  cooled  and  tempered  at  1350  P  for  two  hours 
after  the  initial  welding  operation.  In  order  to  eliminate  micro- 
cracks  in  the  repair  welds,  a  preheat  of  450-550  P  was  used. 
Immediately  upon  the  completion  of  the  repair  weld,  the  preheated 
bulge  plate  or  pressure  vessel  was  placed  in  the  argon-atmosphere 
furnace  at  I35O  P  for  tv/o  hours  and  air  cooled.  The  weld  repair 
was  then  radiographed  and  examined.  If  the  radiographs  were 
satisfactory,  the  test  weldments  were  postheated  at  1700  P,  air 
cooled,  then  heated  at  1350  P  for  two  hours  and  air  cooled  (post¬ 
heat  condition  No.  2).  The  weldments  were  then  hardened  and 
double -tempered. 


Welding  Characteristics 

Automatlc-TIG  Slieet  Wel^ents  -  Table  6  presents  an  evaluation  of 
the  welding  characteristics  of  sheet  v/eldments  welded  by  the  TIQ- 
automatic  process. 


TABLE  6.  VffiLDABILITY  CHARACTERISTICS  OP  HOT-WORK  TOOL 
STEEL  SHEET  MATERIAL  (Automatic  TIO  Process - 
Argon  Shielding  Gas) 


Class  Arc  Weld  Metal 

Steel  of  Steel  Stability  Fluidity 


Sensitivity 
to  Machine 

Settings  Bead  Contour 


1 

2 

3 

5 

o 


H-11  Mod. 
H-11  Mod. 
H-12  Mod. 
H-13  Mod. 
H-13  Mod. 


/ery  Good 
Good 

Very  Good 
Pair 
Fair 
Pair 


Very  Good 
Good 

Very  Good 
Pair 
Pair 
Pair 


Small 

Small 

Crown 

Small 

Small 

Crown 

Small 

Small 

Crown 

Small 

Small 

Crown 

Small 

Small 

Crown 

Large 

Plat 

Steel  No.  6  required  the  largest  energy-input  (increase  of  lOJj) 
to  maintain  a  stable  arc. 


The  arc  length  was  approximately  1/8  inch;  spatter  was  no  problem. 
The  sensitivity  (voltage,  amperage,  and  arc  gap)  to  machine- 
settings  for  steels  No.  1  through  5  v/as  small;  steel  No.  6,  however, 
was  quite  sensitive.  The  largest  energy  input  (increase  of  10^) 
was  required  for  steel  No.  6.  The  bead  contour  for  steels  No.  1 
through  5  was  a  small  crown;  steel  No.  6  had  a  flat  crown.  Ihe 
use  of  the  trailing  shield  minimized  the  formation  of  oxide  scale. 
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Automatic -MIQ  Plate  Weldments  -  The  mechanical-property  tests  of 
steel  No.  3  revealed  fine  porosity  in  the  weld  deposit  that  was 
not  detected  by  radiography  using  a  two-percent  penetrameter 
sensitivity.  To  Improve  detection  of  this  porosity,  the  sensi¬ 
tivity  was  Increased  to  one  percent. 

During  the  plate-welding  of  the  other  five  steels,  scattered 
moderate  porosity  (1/8"  dia.)  was  experienced.  To  overcome  this 
porosity,  test  weldments  were  made  in  which  the  arc-voltage  was 
varied  at  one-volt  Intervals.  Radiography  and  maci?o-sectionlng 
of  the  test  plates  showed  that  porosity  Increased  if  the  arc- 
voltage  deviation  varied  more  than  ±  1/2  volt.  This  was  the  maximum 
variation  that  could  be  tolerated  for  best  arc  characteristics  and 
minimum  porosity  without  the  aspiration  of  air  into  the  arc  column. 
Weldments  of  steel  No.  1  could  not  be  prepared  with  an  absence  of 
porosity.  The  porosity  in  this  steel  was  reduced  from  gross  to 
scattered  quantities. 

The  welding  characteristics  of  the  various  filler  wires  were 
observed  during  MIO  welding  of  0.300-inch  plate  and  the  results 
are  listed  in  Table  7* 

TABLE  7.  WELDABILITY  CHARACTERISTICS  OF  HOT-WORK  TOOL  STEEL 
PLATE  MATERIAL  (Automatic  MIG  Process  -  Argon  and 
1^  Oxygen  Shielding  Gas) 


Steel 

Class 
of  Steel 

Arc 

Stability 

Weld  Metal 
Fluidity 

Spatter 

Optimum 

Voltage 

Settings 

1 

Very  Good 

Good 

Very  Good 

30** 

2 

H-11  Mod. 

Good 

Very  Good 

Good 

32 

3 

H-11  Mod. 

Good 

Very  Good 

Good 

30 

4 

H-12  Mod. 

Good 

Fair 

Good 

33 

5 

H-13  Mod. 

Good 

Fair 

Good 

32 

6 

H-13  Mod. 

Good 

Fair 

Good 

31 

*  Most  suitable  voltage  with  amperage  adjusted  to  give  best  arc 
stability. 

**  Additional  experiments  required. 


The  arc  stability  was  good  for  all  the  steels  but  did  not  reach 
the  excellent  rating  of  some  of  the  alloy-steel  filler-wires  used 
on  other  projects  in  the  laboratory.  The  arc-length  used  for  all 
the  steels  was  3/8  inch.  The  sensitivity  to  machine  settings  for 
all  steels  was  especially  great  v/lth  respect  to  t|ie  voltage.  The 
amperage  settings  could  be  varied  t  10  amps  v/lthout  any  appreciable 
effect.  The  bead  contour  of  the  MIG  x^eld  deposits  for  all  the 
steels  had  a  slight  crown.  Uie  cup  height,  bottom  of  cup  to  the 
bottom  of  the  groeve,  for  the  first  pass  was  7/8  inch.  The 
distance  from  the  contact  tube  to  the  bottom  of  the  groove  v/as 
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1-1/8  Inches  for  the  first  pass.  The  cup  height  for  the  second 
pass  was  5/8  inch  with  a  contact  tube-to-work  distance  of  7/8  inch. 

Mechanical  Testing 

The  mechanical  test  specimens  were  taken  from  plate  and  sheet 
weldments  one-foot  long  by  eight-inches  wide.  Two  weldments  were 
required  to  evaluate  each  welding  condition  under  investigation. 

Tv/o  longitudinal-weld  bend  test  specimens  were  taken  from  one 
sheet  weldment  v/hlle  two  transverse-weld  tensile  specimens  and 
one  transverse-notch  longitudinal -v/eld  tensile  specimen  were  taken 
from  the  other  sheet  weldment.  Two  transverse-weld  tensile  speci¬ 
mens  and  tv/o  transverse-vrcld  bend  specimens  were  taken  from  one 
plate  v:eldment  v/hlle  Charpy  impact  specimens  were  taken  from  the 
other. 

Tensile 


Transverse-weld  tensile  tests  whose  dimensions  are  given  in 
Table  8  were  used  to  evaluate  both  sheet  and  plate  weldments. 


TABLE  8.  DIMENSIONS 

OF  TEST  SPECIMENS 

Width  of 

Type  of 

Thickness, 

Length. 

Test  Section, 

Width  of 

Test 

In. 

in. 

In. 

Grip.  in. 

Tensile 

.500  t  .010^®^ 

Plate 

.375  t  *010 

6-3/4 

1.25 

Sheet 

.070  I  .010 

7-3/'t 

,500  ±  .010 

0.750 

Bend 

• 

Plate 

.470  t  .010 

6.|/. 

2  -  .015 

Sheet 

.070  ±  .010 

2  ±  .015 

(a)  Some 

specimens  v/ere 

reduced 

from  .5  to  .25  inch 

width  because 

of  gripping  difficulties. 


The  sheet  tensile  specimens  were  held  in  self -aligning  K-grlps, 
v/hile  the  plate  specimens  wei^e  held  in  heavy-duty  Jaws.  The 
extensometer  was  removed  soon  after  the  0,2  percent  strain-offset 
proportional  limit  (or  yield  strength)  was  achieved.  Total  elong¬ 
ation  of  the  v/eld  and  adjacent  base  metal  was  measured  over  1/2-, 

1-,  and  2-inch  gage  lengths.  The  gage  lengths  v/ere  placed  symmetrical 
to  the  weld  center  line. 

A  special  pin-loaded  longitudinal -v/eld  tensile  specimen  con¬ 
taining  a  single  transverse -notch  across  the  v/eld,  heat-affected 
zone,  and  base  metal  v/as  used  also  to  evaluate  the  sheet  v/eldments. 

The  notch-fracture  strength  was  obtained  and  the  source  of  fracture 
initiation  (whether  the  weld  metal,  heat-affected  zone,  or  base 


19 


metal)  was  determined  by  observation  of  the  fracture  face.  A 
drawing  of  the  specimen  is  given  in  Figure  3. 

High-temperature  tensile  tests  were  performed  on  welded  sheet 
specimens  of  H-11  steel  No.  2  at  400,  800,  and  1000  P.  Some  of 
the  specimens  were  held  at  the  test  temperature,  under  no  load, 
for  a  period  of  24  hours  prior  to  testing  to  determine  whether 
detrimental  structural  changes  would  occur.  The  load  was  applied 
through  self -aligning  K-grlps.  Deflection  was  measured  by  means 
of  a  deflectometer  which  recorded  the  cross-head  travel  to  provide 
a  load-deflection  curve.  Since  cross-head  deflection  was  measured, 
the  active  gage  length  was  the  distance  between  the  grips  modified 
to  an  equivalent  length  to  talce  into  account  the  lesser  amount  of 
strain  occurring  in  the  wider  sections  of  the  specimen.  An 
equivalent  gage  length  of  4.5  Inches  was  used  in  determining  the 
yield  strength}  the  procedure  for  determining  the  equivalent  gage 
length  is  given  in  the  Appendix. 

Two  thermocouple  wires  were  attached  to  each  high-temperature 
test  specimen,  one  inch  above  and  one  Inch  below  the  mid-point  of 
the  specimen  length,  to  record  the  temperatures.  Maximum  tempera¬ 
ture  variation  along  the  specimen  was  ±  20  P  at  400  P  and  ±  10  P 
at  800  and  1000  P. 

Bend 


The  longitudinal-weld  bend  tests  were  performed  on  sheet 
specimens,  v/hose  dimensions  are  given  in  Table  8.  The  weld 
was  parallel  to  the  direction  of  the  bending  stresses.  The  load 
from  a  hydraulic  Jack  was  applied  by  a  three-point  loading  die. 

The  bottom  half  of  the  die  contained  two  support#  located  2-1/4 
Inches  apart,  each  support  having  a  fixed  radius  of  1/2  inch. 

The  top-half  loading  dies  were  of  progressively  smaller  radii 
(in  l/l6-lnch  increments)  thus  increasing  the  bend  angle  until 
fracture  occurred.  The  radius  of  the  die  at  which  fracture  occurred 
was  noted.  From  the  fracture  radius  and  the  specimen  thickness, 
a  nominal  percent  elongation  of  the  outer  fiber  of  the  bend 
specimen  was  determined. 

Transverse-weld  plate-bend  tests  were  performed  v/ith  the  weld 
perpendicular  to  the  direction  of  the  bending  stresses.  Pour- 
point  loading  was  employed  to  insuza  a  constant  bending  moment 
across  the  weld  metal,  HAZ,  and  base  metal  between  the  inside  rolls 
spaced  two  Inches  apart.  The  minimum  bending  radius  was  measured 
after  fracture  by  matching  the  fracture  faces  as  closely  as  possible. 

Charpy  Impact 

V-notch  Charpy  impact  specimens  were  used  initially  for  H-11 
steel  No.  3.  A  modified  Charpy  specimen  having  a  1/2-lnch  radius 
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notch  was  used  subsequently  for  H-11  steel  No.  2  to  provide  more 
discrimination  In  the  results.  The  other  dimensions  of  the  large- 
radius  Charpy  specimens  were  the  same  as  the  standard  Charpy  specimens. 

Bulge  Tests 

Special  Impulse-bulge  tests  were  performed  to  evaluate  the 
resistance  of  welded  sheets  to  rapidly  applied  biaxial  stz^sses. 

In  this  test,  a  430-pound  weight  was  dropped  23  feet  onto  a 
piston  to  load  hydraulically  em  eight-inch  dlauneter  surface  of  a 
welded-sheet  disc.  A  photograph  and  a  drawing  of  the  machine  are 
shown  In  Figures  4  and  5»  respectively.  The  hydraulic  fluid  was 
glycerin.  The  specimen  received  an  Initial  preload  of  about 
2000  psl  before  the  weight  was  dropped  In  order  to  Increase  the 
loading  capacity  of  the  machine. 

The  specimen  was  about  one  foot  In  outside  diameter  with  a 
tan-inch  diameter  bolt-hole  pitch-circle,  nie  four- Inch  long  weld 
In  the  center  of  the  specimen  was  ground  and  polished  flush  with 
the  unground  surfaces  of  the  sheet. 

A  Baldwin  SR-4  rosette  strain  gage,  type  ART •2,  of  a  1/4-lnch 
gage  length  was  mounted  In  the  center  of  the  specimen  (with  respect 
to  the  bolt  hole  circle),  and  static  and  dynamic  strains  were 
recorded  on  a  Consolidated  Electrodynamics  Model  3-119  recorder 
having  a  frequency  response  of  5000  cps.  Paper  speed  was  l60  Ips, 
cylinder-pressure  variation  with  time  was  photographed  from  an 
oscilloscope  screen. 

Pressure  Vessels 


Small  welded  pressure  vessels  were  tested  under  static  and 
dynamic  conditions  as  a  final  evaluation  of  the  welding  procedures 
and ‘parameters  developed  earlier  In  the  program. 

Four  vessels  were  made  of  0.090-lnch  thick  sheet  of  H-11  steel 
No.  2.  The  cylinders  v/ere  11-1/2  Inches  long  by  6-1/8  Inch  Inside 
diameter  and  were  fabricated  with  a  longitudinal  weld  perpendicular 
to  the  rolling  direction.  They  were  capped  with  deep-drawn 
hemispherical  heads  (having  a  cylindrical  section  of  one-inch 
length  at  the  ends)  welded  circumferentially  to  the  cylinder. 

The  two  dynamically  tested  vessels  were  capped  only  at  one  end. 

The  other  end  was  left  open,  fitted  Into  the  cylinder  of  the  drop- 
weight  test  machine  and  sealed  by  an  "0"  ring.  Hydraulic  Jacks 
held  the  vessels  In  place.  The  two  statically-tested  vessels  were 
capped  at  both  ends,  one  head  containing  a  welded  boss  shaped  to 
prevent  an  abrupt  change  In  the  thickness  of  the  vessel. 

Each  vessel  was  stress  relieved  at  1330  F  for  two  hours  and 
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radiographed  upon  completion  of  each  v;eld.  The  dynamically  tested 
vessels  containing  one  circumferential  and  one  longitudinal  weld 
were  stress  relieved  twice,  while  the  static  vessels  were  stress 
relieved  four  times  except  where  repair  welds  were  required.  In 
those  cases,  each  repair  weld  was  stress  relieved  Immediately 
following  welding  as  discussed  previously.  Each  ;.eld  was  ground 
Inside  and  outside  so  that  the  reinforcement  blended  smoothly  with 
the  rest  of  the  vessel.  Only  the  circumferential  boss-v;eld  was 
not  ground  Inside,  as  It  was  the  final  closure-weld. 

Circumferential  strains  were  measured  at  the  mid-length  loca¬ 
tion  of  the  cylinder  at  the  longitudinal  weld  and  at  the  base-metal 
90  degrees  away  from  the  v/eld.  Baldwin  SR4  (No.  N  PAB-50-12)  strain 
gages  of  l/2-lnch  gage  length  v;ei?e  used.  Data  were  recorded  with 
the  same  equipment  used  for  the  bulge  tests. 

Restraint  Tests 


Lehigh  restraint  test  specimens  were  made,  as  shov/n  in 
Figure  6,  In  1/2-lnch  plate  to  determine  the  cracking  susceptibility 
of  the  filler  metals.  The  standard  Lehlgh-specimen  weld- joint 
geometry  was  modified  to  approximate  more  closely  the  geometry  of 
the  actual  test  weldments  used  In  this  program.  The  eunount  of 
z*estralnt  was  decreased  by  Increasing  the  length  of  the  saw  cuts 
along  the  sides  of  the  specimen.  Cracking  was  determined  by 
radiographic  Inspection  and,  when  necessary,  by  macroscopic 
examination. 

In  those  cases  where  cracking  occurred,  the  welding  procedures 
were  adjusted  In  an  attempt  to  eliminate  cracking. 

Single-pass  welds  were  made  In  the  0.3-lnch  plate  specimens 
by  the  MIG  process  with  a  shielding  gas  of  argon  plus  one  percent 
oxygen.  The  plates  were  cleaned  with  a  power-wire  brush  and  1-1-1 
trlchloroe thane  solvent.  The  welds  were  allowed  to  cool  to  room 
temperature  Immediately  after  welding  and  were  then  stress  relieved 
at  1350  P  for  two  hours.  The  stress-relief  treatment  was  used  to 
reduce  the  possibility  of  the  cracks  extending  during  aging  at 
room  temperature  before  they  could  be  Inspected. 

RESULTS  AND  DISCUSSION 


Restraint  Tests 


The  results  of  the  restraint  tests  are  given  In  Table  9» 
Increaslne  the  preheat  temperature  reduces  the  cracklng- 
susceptlblllty  of  welds  deposited  In  these  steels  under  restraint. 
The  H-12  steel  No.  4  filler  wire  was  the  most  crack  sensitive 
while  the  other  steel  filler  wires  had  about  the  same  crack 
susceptibility  under  restraint.  A  welding  wire  of  slightly  lower 
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FIGURE  9  RESTRAINT  TEST  DESIGN 


26 


TABLE  9.  LEHIQI  RESTtAlNT  TEST  RESULTS 
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carbon  content  (O.35  percent)  did  not  affect  the  results  of 
specimen  No.  4  of  H-11  steel  No.  3  at  a  600  P  preheat. 

Specimen  No.  3  of  steel  No.  1  was  not  cooled  from  the  800  P 
preheat  temperature  but  was  postheated  immediately  to  I35O  P  and 
held  for  ten  hours  to  provide  Isothermal  transformation  of  the 
austenite.  A  crack  occurred  in  the  center  of  the  weld  cross- 
section  as  shown  in  Pigure  7a.  Since  the  center  of  the  weld  was 
the  last  to  solidify  and  since  suddenly  applied  quenching  stresses 
were  absent,  it  was  reasoned  that  high-temperature  shrinkage- 
cracking  had  occurred. 

Since  cracking  could  be  eliminated  by  increasing  the  preheat, 
it  was  evident  that  shrinkage  stresses  from  solidification  were 
not  responsible  alone  for  the  cracking,  but  that  the  cracking  also 
occurred  at  lower  temperatures.  With  lower  preheats,  less 
ductile  weld  microstructures  were  produced  as  a  result  of  the 
more  rapid  cooling  rate.  Metallographic  observation  of  the  weld- 
metal  microstructures  revealed  that  the  preheat  of  400  F  resulted 
in  a  much  lighter  dendritic  pattern  and  a  more  aclcular  structure 
than  the  800  F  preheat. 

The  effect  of  reducing  the  preheat  temperature  from  800  F  to 
400  F  in  these  restraint  tests  v/as  to  increase  the  theoretical 
cooling  rate  more  than  I5  times  at  the  center  line  of  the  weld 
metal  at  1000  P.  Theoretical  cooling  rates  for  these  restraint 
tests  as  a  function  of  preheat  temperature  and  plate  thickness 
are  given  in  Table  10. 

TABLE  10.  THEORETICAL  COOLING  RATES  AT  1000  F  AT  CENTER 
OF  A  WELD  IN  THE  LEHIGH  RESTRAINT  TESTS 

Cooling  Rate,  F/sec. 


Preheat 

Temperature.  F 

Energy  Input, 
BfTU/ln. 

Plate  Thickness 
0.50  in.  0.090 

400 

41.8 

3.43 

.112 

500 

41.8 

1.98 

.064 

600 

41.8 

1.02 

.033 

700 

41.9 

.426 

.013 

800 

43.5 

.222 

.006 

In  general,  it  was  found  that  most  of  the  cracks  initiated 
at  the  root  where  penetration  was  Incomplete  (purposely,  to  cause 
a  high  stress  concentration  notch),  and  that  the  cracks  propagated 
upward  through  the  center  of  the  weld  along  the  center  line  of  the 
symmetrical  weld  structure  pattern.  The  crack  pattern  of  Figure  7b, 
however,  indicates  that  cracking  may  have  initiated  in  the  center 
of  the  weld  as  well  as  at  the  root,  and  that  the  crack  which  was 
initiated  at  the  center  Intersected  the  one  from  the  root. 
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a)  Crac.-:  in  Steel  No.  1  Specimen  No.  3  Held  isothermaliy 
az  1350  F  for  10  Hours  (prenoat  oOO  F) 
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CRACKS  IN  LEHIGH  RESTRAINT  SPECIMENS 
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It  Is  concluded  that  both  high  and  low  temperature  cracking 
occurred  but  that  the  low  temperature  cracking  occurred  more 
readily.  The  results  of  the  study  were  not  verified  by  statis¬ 
tically  reliable  quantities  since  only  comparative  results  were 
desired. 

Variation  of  V/eld  Parameters  Study  (H-11  Steel  No.  3) 

Effects  of  Energy  Input.  Preheat,  and  Postheat 

The  effects  of  these  weld  parameters  on  mechanical  properties 
after  hardening  and  tempering  were  evaluated  for  sheet  welds  In 
steel  No.  3,  made  by  the  TIG  welding  process.  The  Investigation 
was  carried  out  In  accordance  with  statistical  principles  of  the 
analysis  of  variance  In  order  to  obtain  the  greatest  amount  of 
Information  from  the  tests.  A  similar  welding-parameter  study  was 
performed  for  0.5-lnch  plate  In  which  the  MIG  welding  process  was 
used. 


A  pilot  Investigation  using  only  energy-input  Level  Y,  shovm 
In  Table  11^  was  made  to  evaluate  the  effects  of  a  200  F  preheat 
temperature  which  permitted  almost  total  transformation  to  marten¬ 
site  before  the  postheat  treatment.  This  preheat  has  recently 
been  adopted  by  some  Industrial  fabricators  of  hot-work  tool 
steels.  The  greatest  ener^  Input  condition  Y  was  used  with  the 
low  preheat  to  Insure  complete  penetration  of  the  joint. 

The  symbol-notation  system  used  In  this  report  for  the  various 
v/eldlng  parameters  Is  given  In  Table  11.  For  example,  welding 
condition  V-AIX  Indicates  the  use  of  a  400  F  preheat,  a  postheat 
at  1330  F  for  two  hours,  followed  by  an  air  cool  and  an  energy- 
input  of  7900  joules  per  Inch  for  each  of  two  passes  using  a 
l/32-lnch  diameter  filler  wire.  The  prefix  V  denotes  the  use  of 
steel  No.  3  of  Table  1.  For  preheat  condition  A,  the  weldment  was 
cooled  to  400  F.from  v/eldlng  before  the  postheat  treatment.  For 
preheat  condition  B  the  weldment  was  cooled  to  600  F  (above  the 
Ms)  following  welding  and  held  Isothermally  for  24  hours  to  obtain 
Isothermal  transformation  to  balnlte.  For  the  preheat  condition  C, 
the  weld  was  not  allowed  to  cool  below  the  Ms  temperature  before 
postheat  treating.  The  remainder  of  the  table  Is  self-explanatoxy. 

All  specimens  were  hardened  and  double  tempered  after  post¬ 
heat  treating. 

Metallographlc  Studies 

An  examination  of  microstructures  of  the  as-welded  specimens 
(before  hardening)  was  made  and  the  results  az*e  outlined  In 
Table  12. 
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TABLE  11.  WELD  PARAMETER  CONDITIONS.  Symbol  In  parentheses 
Is  a  notation  system  to  denote  that  condition. 


Preheat 
400  P  (A) 


600  F  (B) 
(24-hr. 
hold) 

800  F  (C) 


Nmm  (O) 


200  P  (H) 


Sheet  Specimens 


Post heat 

1350  P,  for  two  hours, 
air  cool  to  room 
temperature  (1) 

1700  P,  air  cool  to  room 
temperature  and  temper 
1350  P  (2) 

1700  P,  slow  cool  to 
1350  P,  hold  for  two 
hours  and  air  cool  (3')* 

1330  F  for  long  time, 
cool  to  room  temperature 

(4) 


Energy  Input 

7900  Joules  per  Inch, 
two  passes,  1/32-ln.* 
wire  (X) 

10,100  Joules  per  Inch, 
one  pass,  .043-ln. 
wire  (Y) 

6330  Joules  per  Inch, 
two  passes,  .043-ln. 
wire  (Z) 


Plate  Specimens 


Preheat 


Postheat 


Biergy  Input 


400  P  (E)  1350  F,  air  cool  to  room 

tesg>erature  (1) 

800  F  (P)  1700  F,  air  cool  to  room 

temperature  and  temper 
1350  P  (2) 

800  P  (0) 

(allow  sub¬ 
sequent  cool 
to  130  P 


50,000  Joules  per  Inch, 
two  passes,  l/l6-ln. 
wire  (V) 

40, 600  Joules  per  Inch, 
four  passes,  l/l6-ln. 
wire  (W) 

31,000  Joules  Mr  Inch, 
four  passeiul/l6-ln. 
wire  ^  (U) 


*  The  presence  of  a  "prime"  symbol  above  the  postheat  designation 
(l.e.,  V-A3'X)  Indicates  that  the  specimens  were  full  annealed 
and  rehardened.  The  full  anneal  then  becomes  the  significant 
postheat  treatment.  The  full  annealing  treatsient  wast  I600  F 
for  1/2  hour,  slow  cool  to  1000  P,  and  air  cool. 


Material  Prefix  Designation 

P  -  Steel  NO.  1  C  -  Steel  No.  4 

A  -  Steel  No.  2  J  -  Steel  No.  3 

V  -  Steel  No.  3  N  -  Steel  No  6 

*  Note  t  A  .043-lnoh  wire  was  used  with  this  exwxm  Input  for 
the  other  five  steels  (other  than  Steel  No.  3y. 
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TABLE  12.  WELDMENT  MICROSTRUCTURES  AS  POSTHEAT  TREATED  (UNHARDENED) 


Weldment 

Condition 

Weld  Metal 

HAZ 

and  No. 

1 

2 

1 

4 

1 

1 

2 

1  i  i 

HI  Y  60 

X 

H 

X 

B1  X  50 

X 

L 

L 

X 

y  75 

X 

L 

L 

X 

z  65 

X 

L 

VL 

X 

A1  X  48 

X 

H 

L 

X 

X 

y  56 

X 

L 

X 

VL 

X  63 

X 

VL 

VL 

X 

Cl  X  42 

H 

H 

X  H 

y  70 

X 

VL 

X 

X 

VL  H 

z  71 

X 

L 

L 

X 

L  H 

H2  Y  61 

X 

X 

L 

X 

B2  X  51 

X 

X 

H 

X 

X 

y  74 

X 

X 

L 

X 

X 

z  67 

X 

L 

VL 

X 

A2  X  4, 

X 

X 

H 

X 

X 

y  73 

X 

VL 

X 

Z  76 

L 

X 

VL 

L 

X 

C2  X  44 

X 

X 

H 

X 

y  69 

X 

X 

L 

X 

X 

z  77 

X 

X 

L 

VL 

X 

X 

H3  y  62 

X 

X 

L 

X 

B3  X  52 

X 

L 

H 

VL  H 

Y  59 

X 

X 

L 

Z  64 

X 

X 

X 

A3  X  49 

X 

X 

H 

H 

X 

H 

y  57 

X 

L 

X 

VL 

Z  66 

X 

H 

X 

X 

C3  X  46 

X 

L 

H 

X 

H 

y  68 

X 

H 

H 

X 

H 

z  72 

X 

H 

H 

X 

H 

Base  Metal 
2^4 


X 

X 

X 

X 

X 

X 

X 

X 

X 


Legend 


L  -  Light  amount 
H  -  Heavy  amount 

X  -  Present,  l.e.,  moderate  amount 
V  -  Very,  i.e.,  VL  ■  very  light 
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TABLE  12  (Continued) 


Code  to  Mlcroatructurea 


Mlcrostinictux*e 


Designation 

Weld  Metal 

HAZ 

Base  Metal 

1 

Aclcular  Pattern 

Aclcular  Pattern 

2 

Tempered  or 
Annealed 

Structure 

Tempered  or 
Annealed 

Structure 

Tempered  or 

Annealed 

Structure 

3 

Intergranular 

Carbide 

Precipitate 

Intergranular 

Carbide 

Precipitate 

Grain  Boundary 
Discernible 

4 

Extent  of 
Delineation  of 
the  Dendrite 
Pattern 

Spheroldlte  (or 
fine  pearllte). 
Segregated  about 
Grain  Boundaries 
Leaving  a  Ferrite 
Core 

Spheroldlte 

Structure 

Uhtenpered 

Martensitic 

Structure 

Uhtempered 

Martensitic 

Structure 
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The  200  P  preheat  (preheat  H)  resulted  in  nearly  total  trans¬ 
formation  to  martensite,  while  the  400  P  preheat  (preheat  A) 
permitted  only  approximately  20  percent  transformation  to  martensite. 
Preheat  B  at  600  P,  in  which  the  specimen  was  held  at  600  P  for 
24  hours,  accomplished  the  formation  of  balnlte,  while  the  800  P 
preheat  (C)  maintained  the  weld  metal  in  an  austenitic  state. 

Preheats  B  and  H,  combined  with  postheat  1,  resulted  in  a 
process-annealed  structure  (or  highly  tempered  balnlte)  and  mar¬ 
tensite,  respectively.  Traces  of  a  very  fine  white  constituent 
(probably  untempered  martensite,  but  possibly  ferrite)  were  found 
in  the  B1  treatments. 

Preheats  A  and  C  combined  with  postheat  1  resulted  in  a 
structure  of  untempered  and  tempered  martensite.  The  two-hour 
Isothermal  hold  at  1350  P,  which  was  adequate  as  a  process  anneal, 
was  Inadequate  to  wholly  transform  the  austenite  Isothemally  to 
pearlltej  hence,  the  austenite  remaining  after  the  two-hour  hold 
transformed  to  martensite  upon  cooling  to  room  temperature.  This 
type  of  treatment  in  vihlch  the  weld  is  not  permitted  to  cool 
below  the  Ms  temperature  before  postheating  at  1350  P  for  a  short 
time  was  reported  as  being  v/idely  used  in  the  Pirst  Quarterly 
Progress  Report,  The  resulting  untempered  martensite  present 
after  postheat  treating  might  be  considered  as  conducive  to 
cracking. 

Postheat  treatments  2  and  3  both  Involved  heating  to  17OO  P 
above  the  A  temperature;  hence,  the  insulting  microstructui^es 
were  Influenced  by  the  preheats  except  possibly  as  affected  by 
grain  size.  Such  an  effect  on  grain  size  was  not  observed, 
although  grain  size  was  usually  not  discernible.  All  specimens 
receiving  postheat  2  resulted  in  a  fairly  homogeneous  aclcular 
structure,  free  from  intergranular  precipitates  or  white  consti¬ 
tuents.  The  microstructures  of  specimens  receiving  postheat  3 
were  not  as  uniform  as  those  of  postheat  2  since  the  treatment 
was  more  difficult  to  control.  They  v/ere  characterized  by  large 
HAZ  grains  (No.  3  ASTM  grain  size  maximum)  and  a  high  degree  of 
carbon  segregation.  The  C3  combination  resulted  in  fine-line 
type  of  carbide  segregation  and  untempered  martensite  in  the 
center  of  the  very  coarse  dendrites,  indicating  incomplete  trans¬ 
formation  of  the  austenite  with  postheat  treatment  3» 

Macrostructures  and  microstructures  of  as-welded  weldments 
No.  60  (V-Hiy),  No.  61  (V-H2Y),  and  No.  62  (V-H3Y)  which  had 
received  a  200  P  preheat  are  shown. in  Pigures  8  through  11, 
indicating  that  a  predominauitly  homogeneous  and  tempered  micro- 
structure  results  from  this  preheat.  Microstructures  for  weld¬ 
ments  No.  66  (V-A2Z)  and  No,  52  (V-B3X)  are  shown  in  Pigures  12 
and  13,  Plgure  I3  shows  patches  of  untempered  martensite  (white) 
in  the  center  of  regions  of  high  chemical  segregation. 
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lox  Etchant:  2^  Nital  R3063 

(a)  Cross  Section  View 


60OX  Etchant:  Nital  R3i2  9 

(b)  Heat  Affected  Zone 

FIGURE  8.  FHOTOMICROGRAPHS  OF  WELDMENT  CONDITIONS  V-HIY 
(Weldment  No.  60). 
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600X  Etchant;  2%  Nltal  R3I3O 

(a)  Weld  Metal  Structure  of  Weldinent  Condition  V-HIY 


lOX  Etchant:  2%  Nltal  R3062 

(b)  Cross  Section  View  of  Weldment  Condition  V-H2Y 


FIGURE  9.  PHOTOMICROGRAPHS  OP  WELDMENT  CONDITIONS 
V-HlY  (weldment  No.  60)  AND  V-H2Y 
(Weldment  No.  6I) 


3b 


lOX  Etchant:  2%  Nital  R306I 

(a)  Cross  Section  View  of  Weldment 


600X  Etchant;  2%  Nital  R3064 

(b)  Base  Metal  Structure 


FIGURE  10.  PHOTOMICROGRAPHS  OP  WELI^IENT  CONDITION  V-H3y 
(Weldment  No.  62) 


3Y 


6oox 


Etchant:  2%  Nital 
(b)  Weld  metal  structure 


R3065 


FIGURE  11.  PHOTOMICROGRAPHS  OP  WELDMENT 

CONDITION  V-H3Y  (V/eldment  No.  62) 


oOOX 


Etchant;  2%  Nltal 
(a)  V/eld-Metal  Structure 


R3132 


6OOX  Etchant;  2%  Nltal  R3I3I 


(b)  Keat  Affected  Zone  Structure 


FIGURE  12.  PHOTOMICROGRAPHS  OF  '•/ELDMENT  CONDITION 
V-A2Z  (Weldment  No.  66) 
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ooOX  Etchant;  2t')  Nitai  ^3^33 

..eld  metal  structure 


FIGURE  13.  PHOTOf-lICROGRAPHS  OF  ELDMENT  CONDITION  V-B3X 
(■,;eldnient  No.  ^2) 
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Some  microstructures  were  also  examined  In  the  hardened  and 
tempered  conditions,  as  Is  shown  In  Figure  14;  the  heavy  carbon 
segregation  In  the  region  of  the  grain  boundaries  In  the  weld 
metal  of  specimen  42  (V-CIX)  Is  not  entirely  removed  by  the 
hardening  and  tempering  heat  treatment.  Figure  15,  however. 
Indicates  that  the  fine-line  carbon  precipitate  of  weldment  68 
(V-CSY)  was  removed  by  hardening  and  tempering.  The  as-hardened 
and  tempered  mlcrostructuresof  weldments  69  (V-C2Y),  60  (V-HIY), 
and  76  (V-A2Z)  were  tempered  martensite  similar  to  those  of 
specimen  68,  shown  In  Figure  I5. 

A  special  test  was  performed  to  determine  wheth'^r  Isothermal 
transformation  from  austenite  to  balnlte  occurred  with  the  600  F 
preheat  treatment  B  described  In  Table  11.  In  this  test  a  special 
weld  was  prepared  and  air  cooled  after  the  Isothermal  hold  at 
600  F  for  24  hours.  According  to  the  Isothermal  transformation 
diagram  for  steel  No.  3,  transformation  should  begin  after  I5 
minutes.  Metallurgical  examination  Indicated  that  untempered 
balnlte  was  predominant,  as  shown  In  Figure  I6.  Microhardness 
measurements  Indicated  that  the  average  hardness  of  the  weld  metal 
was  Rc  57. 5*  The  hardness  of  the  heat-affected  zone  was  Rc  55» 
v/hlch  was  as  expected  from  the  heat  treatment. 

Tensile  Tests 


Sheet  Specimens  -  Tensile  data  for  unwelded  test  specimens  In 
steel  No.  3  ar6  given  in  Table  I3.  Groups  of  four  specimens  were 
subjected  to  the  three  postheat  treatments  which  the  base  metal  of 
the  weldments  received  prior  to  hardening  and  tempering.  The 
results  Indicate  that  the  postheat  treatments  did  not  significantly 
affect  properties  after  hardening  and  tempering.  Base  metal 
average  yield  strength  was  235*000  psi,  v/hile  average  tensile 
strength  was  283,000  psl,  and  average  elongation  was  5.0  percent. 

Transverse-weld  tensile  test  data  for  28  weldment  conditions 
are  given  in  Table  14  for  sheet  specimens  of  steel  No.  3.  Eighteen 
percent  of  the  fractures  occurred  In  the  base  metal,  25  percent 
occurred  In  the  heat-affected  zone,  and  57  percent  occurred  In  the 
weld  metal.  From  these  data  of  welded  specimens  there  Is  no 
correlation  between  the  plastic-flow  angle,  JZf,  and  elongation 
values . 


On  one  occasion  some  difficulty  was  experienced  In  control¬ 
ling  the  tempering  temperature.  Seven  of  the  sheet  weldment  condi¬ 
tions  were  tempered  at  a  slightly  higher  temperature  than  planned. 
To  correct  this,  weldment  conditions  50*  51*  52*  57*  and  59  were 
given  a  full  anneal  and  were  rehardened  and  tempered.  The 
annealing  treatment  consisted  of  holding  the  specimens  for  1/2 
hour  at  I500-I600  F  and  air  cooling.  This  anneal  was  reported  by 
the  steel  producer  to  be  necessary  between  hardening  operations 
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600X  Etchant;  2.%  Nital  R2049 

(a)  After  postheat  treating;  before  hardening  and  tempering 


600X  Etchant;  2%  Nital  R3034 

(b)  After  hardening  and  tempering 


FIGURE  MICROSTRUCTURE  OF  SPECIMEN  NO. 42,  V/ELWIENT  CONDITION  V-CIX 
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600X  Etchant;  2%  Nital  R313^ 

(a)  After  postheat  treating;  before  hardening  and  tempering 


6oox  Etchant;  2%  Nital  R3135 

(b)  After  hardening  and  tempering 


^  FIGURE  15.  v;eld  metal  microstructure  op  specimen 

41  NO.  68,  V/ELDMENT  condition  V-C3Y 
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lOOOX 


Etchant:  Picral  +  HCi 


R3076 


FIGURE  16.  BAINITIC  STRUCTURE  OP  SPECIAL  WELDMENT  PREHEATED 
AT  600  P,  HELD  ISOTHERMALLY  AT  6OO  P  FOR  24  HOURS 
AND  AIR  COOLED 
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59,V-B3'y  1  224,000  248,000  14.0  8.0  5.0  53  53-54  NM  IV  76.0 

2  220,000  259,000  16.0  9.0  5.0  53.5  53-54  IM  IV  68.0 
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TABLE  14.  TRANSVERSE-UELO  TENSILE  TEST  DATA  FOR  SHEET  SPECIMENS  OF  STEEL  NO.  3 
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&  Condition  Mo.  nel  pel  1/2  In.  1  In.  2  In.  Avk.  Ranne  of  Fracture  (n)  degrees 
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to  prevent  abnormal  grain  growth.  The  treatment  Is  considered  as 
a  special  postheat  treatment  and  designated  In  symbol  notation 
by  a  "prime"  symbol  following  the  postheat  number. 

Average  hardness  values  of  the  tensile  specimens  varied 
from  50  Rc  to  35  Rcj  however,  the  data  were  normalized  with  respect 
to  hardness  by  dividing  tensile  and  yield  strength  by  the  average 
hardness  value  and  by  multiplying  elongation  and  hardness  values. 

The  resulting  values  permit  a  ccwnparlson  of  properties  Independent 
of  strength  differences  due  solely  to  variation  In  hardness. 

The  following  weldments  had  low  yield  strengthst"  51  (V-B2'X), 

57  (V-A3'Y),  69  (V-C2Y),  73  (V-A2Y),  and  75  (V-BIY),  while  weld¬ 
ment  No.  31  also  had  low  tensile  strength.  A  predominance  of  the 
high  energy  Input  condition  Y  Is  associated  with  these  low  strength 
weldments . 

It  was  found  that  some  weld  conditions  resulted  In  a  superior 
combination  of  both  strength  and  ductility.  These  were  conditions 
V-AIZ  (No.  63),  V-A2Z  (No.  76),  V-A3Z  (No.  66),  V-HIY  (No.  60), 

V-H2Y  (No.  61),  and  V-H3Y  (No.  62).  This  Indicates  that  the  AZ 
and  the  HY  preheat  and  energy  Input  conditions  have  the  best 
properties,  regardless  of  postheat.  It  should  be  noted  that  the 
H  (200  F)  preheat  was  used  only  with  the  Y  energy  Input.  It  Is 
expected,  however,  that  a  lower  energy  Input  would  give  even 
better  results  since  AZ  conditions  are  better  than  AX  or  AY 
conditions  and  the  Y  energy  Input  appears  to  give  generally  lower 
properties.  The  low  preheat  and  energy  Input  conditions  may  be 
superior  because  of  their  effect  of  restricting  the  extent  of  the 
heat -affected  zone. 

Transverse-Notch  Lor^ltudlnal-We Id  Tests  -  Results  of  the  trans- 
verse-notch  longltudlnal-weld  tensile  tests  are  given  In  Table  13. 
Originally,  the  specimen  width  was  two  Inches  1  however,  some  of 
the  specimens  fractured  at  the  pln-loadlng  holes  rather  than  at 
the  notch.  The  problem  was  solved  by  reducing  the  specimen  width 
to  1.3  Inches. 

It  Is  evident  that  those  specimens  welded  by  the  CX  condition 
wez^  abnoxmal  In  view  of  their  low  notch-strength  and  low  percent 
shear.  The  transverse-weld  tensile  test  indicated  that  these  weldments 
possessed  exceptional  strength,  but  the  elongation  was  not  excep¬ 
tionally  low  and  did  not  reveal  the  extreme  notch  sensitivity  of 
specimens  frcmi  these  weldments.  Since  these  weldments  were 
hardened  and  tempered  In  the  same  furnace  load.  It  Is  suspected 
that  a  variance  In  the  heat  treatment  may  have  caused  these  abnormal 
properties  for  this  group  of  specimens. 

It  Is  Interesting  to  note  that  of  the  five  specimens  In  which 
failure  did  not  Initiate  In  the  weld  metal  or  heat-affected  zone 
(welding  conditions  V-A2Y,  V-AaZ,  V-B2Y,  V-B2Z,  and  V-B3'Y),  four 
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of  them  received  postheat  treatment  2.  It  appears  that  weldment 
conditions  A2  and  B2  are  least  likely  to  cause  fracture  initiation 
in  the  weld  or  heat -affected  zone. 

Other  welding  conditions  resulting  in  fracture  strengths 
greater  than  the  average  tensile  strength  of  the  unwelded  material 
were  conditions  V-A3X,  V-AIZ,  V-A2Z,  V-BIY,  and  V-B3Y. 

Plate  Specimens  -  Transverse -we Id  tensile  data  for  plate  specimens 
of  steel  No.  3  are  presented  in  Table  16.  All  fractures  occurred 
in  the  weld  metal. 

The  average  hardness  values  were  generally  within  the  Rc  51-32 
range,  which  would  be  expected  from  the  tempering  t«m|>erature  of 
1050  F.  The  hardness  range  within  one  specimen  is,  however, 
unexplalnably  large.  Hardness  readings  were  taken  on  opposite 
sides  of  one  end  of  the  specimen. 

The  presence  of  slag  in  specimen  V-E2V-B  greatly  decreased 
both  strength  and  ductility;  however,  this  slag  was  not  of  suffi¬ 
cient  quantity  to  be  detected  by  radiography. 

The  source  of  fracture  in  most  plate  tensile  specimens  was 
observed  to  be  porosity.  All  weldments  were  radiographed  at  two- 
percent  sensitivity  after  welding  but  the  porosity  and  other  flaws 
were  too  small  to  be  detected.  In  those  fractures  in  which  no 
v.eld-metal  defect  could  be  found  at  the  initiation  source,  the 
fracture  occurred  at  or  near  the  center  of  the  fracture  face. 

From  these  data,  the  presence  of  porosity  did  not  appreciably 
affect  strength  values,  but  it  did  lower  the  ductility.  Specimen, 
which  did  not  fall  from  weld  defects  had  an  average  elongation  in 
two  Inches  of  6.3  percent,  while  elongation  for  the  others  was 
3.0  percent.  Data  for  duplicate  specimens  of  each  weldment  condi¬ 
tion  are  in  good  agreement  in  spite  of  the  presence  of  porosity. 

The  F2W  condition  apparently  provides  the  highest  yield  strength 
properties. 

The  presence  of  porosity  may  be  attributed  to  unclean  filler 
wire.  The  wire  was  not  copper-flash  coated  but  was  bright  finished, 
cleaned,  and  packed  In  plastic  bags  containing  a  desiccant.  Some 
oxidation  occurred  on  some  of  the  wires  which  were  not  properly 
packed.  The  wire  was  cleaned  by  hand  as  well  as  possible,  but  it 
is  believed  that  the  contamination  contributed  to  the  porosity. 

A  mechanical  brush  cleaning  process  was  devised  for  use  in  subse¬ 
quent  cleaning  operations  to  reduce  the  porosity. 

Bend  Tests 


The  bend  test  data  are  given  in  Table  17  for  sheet  weldments 
of  steel  No.  3.  Thirty-seven  percent  of  the  fractures  initiated  in 


52 


H 

H  H 

M 

M  M 

m  M 

M  M 

M  aa 

M  H 

Hi 

9»« 

?»« 

%% 

<#  ^ 

JS 

%% 

Ii4  «M  « 

li 

M 

t!‘ 

tft 

-'ll 

1^ 

V 

4 

II 

II 

ri 

lA  tA 
^  lA 

S* 

ss 

•A 

ti 

•A 

^  ± 

§  s  A 

^  M  9  ^ 

;.A 

lA  • 

• 

A4 

•  lA 

•  • 

Sts; 

•  Vi4 

•  94 

1 1 

M 

« 

S"' 

« 

9^ 

an 

52.5 

51 

53.5 

52.5 

«A  lA 
•  • 

as 

lA 

&t  «A 

lA 

lA 

si*’* 

s 

1  5^ 

J  -I«i 

1  lAiO 

o  e 
•  • 

«A 

e  e 
•  • 

O  •A 
«  • 
lA 

o  o 
•  • 

lA  lA 
•  • 

M  M 

O  tA 
•  • 

lA  lA 
•  « 

•A  ^ 

s  5: 

i| 

It  ®.®. 

o  e 

o  o 

oo 

o  o 

o  e 

OO 

o  O 

S  1- 

-a 

^  « 

M  •! 

a* 

a!  m 

o  m 

iA 

M  ^  fl 

s  “• 

o  e 

eo 

o  o 

e  e 

o  o 

oo 

oo 

o  o 

1  -s 

is 

^  e<! 

94  ^ 

p4 

as 

«ii  M 

o  o 

S3 

a* 

1  afi 

§§ 

s§ 

S8 

H 

§i 

8S 

M. 

IS 

i  !l' 
1  " 

CR 

M 

S! 

ss 

M  M 

p4 

33 

ii 

lAIA 

As 

94  94 

ss 

8 

«  •0'S 

^  *11 

§1 

*  « 

33 

§§ 

m  m 

§§ 

*  * 

§§ 

*  * 

SI 

»  o 

§8 

A  A 

11 

•  • 

i  '1 
|. 

u 

i  ^  • 

ii 

<  m 

<  « 

as 

<  « 

ss 

<  m 

S3 

<  m 

3S 

<  M 

SI 

<  m 

w 

IM 

■ 

S  > 

#  p4 

1  t 

> 

9 

> 

t 

• 

& 

• 

2 

9 

1 

2 

? 

$  X] 

!1 

> 

> 

> 

> 

W  i 

> 

A 

53 


.  U>N61TII>tllAL<-UBlJ)  BEMP  TEST  BATA  FOR  SHEET  SPECIMENS  OP  STEEL  NO. 


9 

S 


54 


TABLE  17.  LONCITUDINAL-WELD  BEM)  TE:>T  BiATA  MIR  SHEET  SPECIMENS  OF  STEEL  NO 
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TABLE  17.  LONOITUDIKAL  KELC  BENI)  Tl'.ST  a\TA  FOR  SHEET  SPECIMENS  OF  STEEL  NO 

(Continued) 
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Slip  lines  vers  seen  in  weld  aetsl  only 


the  weld  metal,  27  percent  in  the  heat-affected  zone,  30  percent 
in  the  base  metal,  and  six  percent  initiated  in  both  weld  metal 
and  heat-affected  zones. 

The  following  weldments  had  exceptionally  high  bend  ductility 
(20  to  255^)  when  normalized;  weldment  condition  No,  6l  (V-H2Y), 

62  (V-H3Y),  68  (V-C3Y),  and  63  (V-AIZ).  Weldment  No.  67-I 
fractured  at  the  very  low  bend-elongation  value  of  5*2  percent. 

Deformation  bands  v/ere  observed  on  the  ground-finished  sur¬ 
faces  of  the  bend  specimens,  as  illustrated  in  Figure  17.  The  bands 
Mere  present  in  the  weld  metal,  being  less  prominent  on  the  center 
line  of  the  weld  metal.  In  some  cases  (weldments  No.  41  and  42) 
separate  bands  occurred  on  both  sides  of  the  weld  in  the  heat- 
affected  zone,  separated  by  bands  which  did  not  contain  deformation 
lines.  In  weldment  No.  44,  the  two  outer  bands  extended  across 
the  entire  base  metal  so  that  essentially  the  entire  surface 
contained  deformation  lines  except  for  tv/o  narrow  bands  in  the 
heat-affected  zone.  Weldment  No,  46  exhibited  a  deformation  band 
only  in  the  weld  metal  region.  These  bands  are  significant  in  that 
they  indicate  a  difference  in  the  plastic  behavior  of  the  weld 
region  with  respect  to  the  base  metal.  Fracture  behavior  v;as 
affected  by  the  presence  of  the  bands  as  shown  by  the  discontinuous 
line  of  the  fracture  across  these  bands. 

The  distinct  differences  in  the  plastic-flow  patterns  of  the 
bend  specimens  are  of  interest  and  are  significant.  Plow  pattern  B 
(defined  in  Table  I7),  in  which  flow  occurred  in  the  weld  metal  and 
the  heat-affected  zone  only,  is  frequently  associated  with  p-^  stheat 
condition  No,  1|  flow  pattern  A,  in  which  flow  occurred  in  the 
base  metal  as  well,  is  associated  v;ith  postheat  treating  condition 
No,  2,  Flow  pattern  D,  in  which  flow  occurred  only  in  the  v/eld 
metal,  is  associated  v;lth  postheat  condition  No,  3,  No  differences 
In  microstmictui^  of  mlcrohardness^  could  be  associated  v;lth  the 
flow  behavior. 

The  fracture  line  was  observed  to  be  straight  across  the 
specimen  when  high  elongation  values  were  achieved  but  often 
appeared  as  a  sinusoidal  pattern  for  lov;  elongation  values, 

Transverse-v;eld  bend-test  data  for  plate  specimens  ai^  given 
in  Table  18,  Again,  porosity  was  present  v;hich  decreased  bend- 
elongation  values.  All  fractures  occurred  in  the  v/eld  metal, 

Charpy- Impact  Tests 

Charpy  V-notch  impact  tests  v/ere  performed  on  the  weld  metal 
and  base  metal  of  plate  v/eldments  of  steel  No,  3  at  temperatui^es 

1  Microhardness  varied  randomly  from  580  to  640  Khoop  values  (Rc  52 
to  Rc  53,5)  within  the  cross  section  of  bend  specimen  No,  69, 
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FIGURE  17.  LOIIGITUDINAL-WELD  BEND  TEST  SPECIMEN 
SHOWING  LOCAL  AREAS  OF  PLASTIC  FLOW 
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of  80,  212,  600,  and  1000  P.  The  V-notch  was  placed  in  the  weld 
metal  with  the  root  of  the  notch  perpendicular  to  the  plane  of  the 
weldment  plate  so  that  all  the  weld  passes  were  traversed  by  the 
notch.  For  the  base-plate,  a  similar  notch-direction  resulted  in 
the  fracture  transversing  the  rolling  direction. 

The  Impact  data  are  presented  in  Figure  18.  The  average 
weld  metal  impact  values  at  room  temperature  were  quite  low 
(5.3-11.6  ft/lb).  Since  these  steels  are  most  promising  for 
high-temperature  applications,  subsequent  testing  was  performed 
at  higher  temperatures  rather  than  at  lower  temperatures.  No 
energy-transition  temperature  was  observed. 

Impact  tests  were  performed  on  the  base-plate  materials  which 
were  subjected  to  the  postheat  treatments  being  evaluated  in  this 
weld  parameter  evaluation.  The  Impact  values  for  the  base  metal 
were  only  on  the  order  of  two  to  thiree  foot-pounds  higher  than 
those  for  the  weld  metal. 

The  Charpy  V-notch  impact  tests,  based  on  the  criteria  of 
energy  absorption,  lateral  contraction,  and  fracture  appearance, 
did  not  indicate  the  relative  merits  of  any  welding  condition. 

The  values  for  any  one  welding  condition  appeared  to  fall  in  a 
random  manner  between  the  limits  of  the  curves  of  Figure  18.  It 
was  therefore  considered  advisable  to  use  the  shallow-notch  or 
large-radius  Impact  test  advocated  for  evaluating  tool  steels. 

In  this  test,  a  1/2-lnch  radius  notch  approximately  5/64  inch  deer 
is  ground  in  a  standard  size  Charpy  specimen.  The  shallow  notch 
is  reported***  to  illustrate  differences  in  materials  not  shown  by 
the  standard  V-notched  Charpy  specimen. 

Statistical  Evaluation 


The  tensile-test  and  bend-test  data  from  the  variation  of 
parameters  study  for  sheet  specimens  were  evaluated  by  statistical 
analysis  of  variance  methods;  computations  were  made  by  the  704 
computer  at  Electric  Boat  Division.  The  findings  imply  that  weld 
parameters  of  preheat,  postheat,  and  energy  input  have  an 
Influence  on  the  mechanical  properties  of  weldments  after  harden¬ 
ing  and  temperl^  for  sheet  specimens  but  apparently  not  for 
plate  specimens^. 

The  results  of  the  statistical  analysis  are  presented  in 
Table  19.  A  yes  or  no  answer  is  given  (using  a  95^  confidence 
level)  to  the  question  of  whether 'the  welding  parameter  had  a 
significant  influence  on  the  mechanical  property  being  considered, 
and  if  there  were  significant  interactions  between  the  welding 

1  Reference  6 

2  This  may  be  a  result  of  the  smaller  number  of  plate  specimens 
tested  in  comparison  with  the  sheet  specimens. 
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FIGURE  18  CHARPY  V- NOTCH  IMPACT  DATA  FOR  STEEL  NO.  3 
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parameters.  For  exeunple,  a  significant  Interaction  between  preheat 
and  energy  input  would  indicate  that  the  specific  effects  of  energy 
input  would  be  dependent  on  the  particular  level  of  preheat  used. 

For  those  welding  parameters  found  to  be  significant,  the  level 
found  to  give  the  highest  values  for  each  mechanical  property  was 
written  first  (by  the  use  of  the  symbol  notation  of  Table  ll)  with 
the  other  two  levels  written  in  the  order  of  decreasing  magnitude. 
Parentheses  about  two  of  the  par2uneters  indicate  that  neither  was 
significantly  better  nor  poorer  th^ln  the  other.  Thus  in  consider¬ 
ing  the  effect  of  preheat  on  tensile  strength  it  was  found  that 
preheat  C  gave  significantly  higher  tensile  strength  than  either 
A  or  B  and  that  the  A  and  B  preheats  (in  parentheses)  were  not 
significantly  different. 

A  correlation  coefficient  indicates  the  degree  of  agreement 
between  replicate  mechnlcal  specimens;  two  tensile  specimens  from 
a  single  weldment  and  two  bend  specimens  from  another  weldment 
were  tested  for  each  welding  condition.  The  higher  the  correlation 
coefficient  number,  the  greater  the  agreement  between  replicate 
results.  The  tensile  and  yield  strength  correlation  coefficients 
are  acceptable;  the  elongation  coefficients  were  much  smaller. 

This  is  not  surprising  since  it  is  conceded  that  elongation  values 
for  transverse-weld  tensile  specimens  are  not  very  meaningful 
values.  This  is  Illustrated  by  the  spread  in  results  given  for 
the  1/2-inch,  1-inch,  and  2-lnch  gage  lengths  in  Tables  14  and  l6. 
The  bend  elongation  also  showed  poor  correlation;  however,  it  was 
realized  that  this  test  was  performed  primarily  for  qualitative 
rather  than  for  quantitative  results. 

As  was  expected,  interactions  between  the  parameters  are 
significant.  The  interaction  between  preheat  and  energy  input  is 
particularly  strong.  It  should  be  noted  that  this  significance 
can  only  be  discerned  through  the  use  of  a  statistical  emalysis  of 
variance  experiment. 

An  Inspection  of  Table  19  indicates  that,  considering  strength 
alone,  conditions  CIX  or  CIZ  would  provide  the  highest  strength. 
Considering  ductility  alone,  conditions  B3Z,  L3Y,  A3Z,  or  A3Y 
would  be  best. 

Since  the  200  F  preheat  (condition  H)  v/as  used  with  only  one 
energy  input  Instead  of  three,  it  could  not  be  evaluated  by  the 
computer. 


Welding  Parameters  for  the  Other  Steels 

The  remaining  five  steels  listed  in  Table  1  were  investigated 
by  using  the  two  or  three  moat  promising  welding  conditions  deter¬ 
mined  from  the  investigation  of  steel  No.  3»  conditions  C4X,  A2Z, 
and  HIX. 
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Effects  of  Energy  Input ,  Preheat,  and  Postheat 

The  findings  of  both  the  statistical  study  and  direct 
observation  of  mechanical  data  Indicated  that  condition  CIX  pro¬ 
duced  the  best  strength,,  although  the  ductility  was  only ' average . 

The  strength  levels  for  the  Cl  conditions  were  higher  than  those 
of  the  other  conditions,  so  that  condition  CIX  warranted  further 
Investigation  with  the  other  steels.  The  postheat  condition  1  was 
modified,  however,  to  provide  a  longer  Isothermal  holding,  time  at 
1350  F  to  Insure  total  transformation  frcrni  austenlte„,  an/l  to  prevent 
the  formation  of  untempered  martensite.  This  modified  postheat 
condition  was  subsequently  referred  to  as  postheat  condition  4, 
l.e.,  C4X. 

The  AZ  (AIZ,  A2Z,  A3Z)  £urid  the  HY  conditions  produced  the 
most  favorable  combination  of  both  strength  and  ductility,  as  was 
stated  In  the  presentation  of  tensile  test  results.  The  statistical 
results  Indicated  that  condition  A3Z  had  superior  ductility;  how¬ 
ever,  the  occurrence  of  cai4>lde  precipitation  associated  with 
postheat  3,  even  though  It  was  observed  to  vanish  upon  hardening 
and  tempering,  precluded  Its  Inclusion  as  a  good  condition.  The 
favorable  as-welded  microstructure  associated  with  postheat  2  and 
the  occurrence  of  untempei*ed  mairtenslte  associated  with  the  A1 
conditions  prompted  the  selection  of  condition  A2Z. 

Condition  HIY  (weldment  No.  60)  had  the  best  cona)lnatlon  of 
properties  among  the  HY  group,  discounting  the  results  of  tensile 
specimen  No.  60-2  which  failed  because  of  an  Inadvertent  notch  In 
the  base  metal.  Since  the  Y  (highest)  energy  Input  was  found  to 
result  In  poorer  mechanical  properties.  It  was  considered  prefer¬ 
able  to  use  the  condition  HIX  for  the  other  steels.  The  Z  Input 
condition  was  too  low  to  make  an  effective  v/eld  In  combination  with 
the  low  200  F  (H)  preheat. 

Although  welding  conditions  were  not  found  to  be  significant 
for  plate,  the  presence  of  porosity  raised  a  question  of  the 
reliability  of  the  results  even  though  the  correlation  coefficient 
for  tensile  strengxh  was  quite  good. 

For  plate  v/elds,  two  promising  weld  conditions  were  selected 
for  use  with  the  other  five  steels.  The  results  of  the  restraint 
tests  Indicated  that  a  high  preheat  would  reduce  the  tendency 
tov/ard  cracking  of  restrained  plate;  hence,  only  pz*eheats  above 
the  Ms  temperature  vxere  considered  for  plate.  It  was  expected 
that  condition  BIV/  v/ould  produce  martensite  upon  cooling  from 
800  F  to  130  F  which  would  be  subsequently  tempered  by  postheat  1; 
the  v/eldlng  procedure  was  also  relatively  simple.  Condition  F2V/, 
although  a  more  complicated  welding  procedure,  subjected  the  weld 
to  a  1700  F  homogenization  treatment  before  following  the  same 
treatment  used  for  condition  GlV.  In  neither  case  was  austenite 
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slow-cooled  or  held  Isothermally,  thus  preventing  the  precipitation 
of  carbides.  The  lower  energy  input  condition  W  gave  better  yield 
strength  values  than  energy  input  V  for  steel  No.  3;  this  was  con¬ 
sistent  with  the  observation  that  lower  energy  input  values  were 
more  favorable. 

Metallographlc  Studies 

The  weld-zone  microstructures  of  the  five  other  sheet  steels 
welded  by  condition  A2  were  compared  prior  to  hardening  and 
tempering.  The  microstructures  for  H-11  steel  No.  3,  H-12  steel 
No.  4,  and  steel  No.  1  v;ere  nearly  identica.' .  The  weld  metal 
adjacent  to  the  heat-affected  zone  (HAZ)  and  the  Interior  weld 
metal  of  H-11  steel  No.  2  shown  in  Figures  19a  and  19b,  respectively, 
are  representative  of  these  three  materials .  The  elongated  den¬ 
dritic  structure  shown  in  Figure  19a  was  not  as  pronounced  in  the 
weld  metals  of  the  other  two  steels. 

The  heat-affected  zone  and  weld  metal  microstructures  of  H-13 
steel  No.  6,  shown  in  Flgui^es  20a  and  20b  respectively,  were  more 
aclcular.  Comparable  microstructures  for  H-13  steel  No.  5,  shovm 
in  Figures  21a  and  21b,  reveal  the  presence  of  a  white  phase, 
probably  of  untempered  martensite  in  the  darker  regions  of  carton 
concentration  in  the  heat-affected  zone.  This  phase  is  not  present 
in  the  unaffected  base  metal  microstructure  of  steel  No.  3  shown 
in  Figure  22a.  The  white  phase  is  seen  even  more  distinctly  in 
Figure  22b  tn  the  1/2-lnch  plate  weldment  of  the  same  steel  welded 
by  welding  condition  Gltf. 

The  microstructures  obtained  by  welding  condition  C4x  were 
different  from  welding  condition  A2Z.  This  is  shown  by  comparing 
the  heat-affected  zone  and  vield  metal  microstructures  of  welding 
condition  A-C4X,  in  Figures  23a  and  23b  for  H-11  steel  No.  2,  v/lth 
welding  condition  A-A2Z  of  Figure  19*  The  long  Isothermal  hold  at 
1350  F  for  six  hours  resulted  in  regions  of  high  carton  concentra¬ 
tion  and  Intergranular  carbide  precipitates  in  the  weld  metal. 
Nevertheless,  the  long  isothermal  hold  permitted  complete  trans¬ 
formation  of  the  austenite,  thereby  eliminating  the  untempered 
martensite  regions  (shown  in  Figure  14a)  produced  by  the  shorter- 
time  isothezmal  hold  of  postheat  1. 

The  microstructures  of  1/2-lnch  plate  of  the  other  five  steels 
as  welded  v/ith  conditions  GIW  and  F2V/  v/ere  fairly  homogeneous  with 
no  evidence  of  carbide  precipitates,  untempered  martensite,  or 
other  irregularity.  The  one  exception,  v/elding  condition  J-GIW,  was 
previously  discussed  and  shown  in  Figure  22b. 

Tensile  Tests 


Sheet  -  Results  of  transverse-v/eld  tensile  tests  of  five  sheet 
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cOOX  Etchant:  55S  Nital  R3I68 

a)  Weld-Ketal  Microstructure  Adjacent  to  the  Heat-Affected  Zone 


■^COX  Etchant:  llltal  R31b9 

b)  V.'eld-Metal  Microstructure 


FIGLTRE  19.  MICROSTRUCTURES  0?  V/ELDIvENT  CONDITION  A-A2Z 
(V/eldment  No.  91,  Steel  No.  2) 
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OOOX  Etchant:  Nital  R3lDt; 

b)  V/eld-Metal  Structure 

FIGURE  20.  MICROSTRUCTURES  OF  WELDMEOT  CONDITION 
M-A2Z  (V/eldment  No.  93,  Steea  No.  6) 


coox  Etchant;  Nltal  R3iD3 

b)  ’.veld-Ketal  Structure 

FIGURE  21.  MICROSTRUCTURES  OF  WELDI'lENT  CONDITION 
J-A2Z  (Weldment  No.  94,  Steel  No.  5) 


oOOX  Etchant:  5?^  Mital  R3I6I 


oOOX  Etchant:  5^  Nital  n3192 

b)  HAZ  Microstructure  of  V/eldment  No.  10 
V/eld  Condition  GIW 

FIGURE  22.  MICR03TRUCTURES  OP  V/ELDMENT  IN  H-I3  STEEL  NO.  5 
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oOOX  Etchant;  5^.  Nltal  R3I8I 

b)  V/eld-Metal  Structure 


FIGURE  23.  MICROSTRUCTURES  OF  WELDMENT  CONDITION 
A-C4X  (Weldment  No.  IO3,  Steel  No.  2) 
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steels  are  presented  In  Table  20.  The  H-11  steel  No.  2  and  steel 
No.  1  are  the  strongest  while  H-I3  steel  No.  6  la  the  weakest. 

The  H-I3  steel  No.  6,  H-12  s^’eel  No.  4,  and  H-11  steel  No.  2  have 
the  better  elongation  properties  than  the  other  two  steels.  All 
steels  were  hardened  and  tempered  by  an  identical  treatment: 
austenizing  at  I850  P  and  double  tempering  at  IO50  P  for  2+2 
hours.  Nothing  was  discovered  in  the  literature  to  indicate  that 
a  different  heat  treatment  would  be  preferable  for  any  of  the 
steels  I  however,  the  data  for  some  steels  were  so  meager  that  it 
should  not  be  assumed  that  the  optimum  heat-treatment  (with 
respect  to  maximum  ductility  at  not  too  great  a  sacrifice  in 
strength)  was  used.  Por  example,  the  fact  that  H-I3  steel  No.  6 
has  the  minimum  strength  and  maximum  ductility  indicates  that  the 
steel  was  tempered  at  a  higher  relative  value  compared  with  the 
other  steels.  Perhaps  steel  No.  1,  having  a  maximum  strength  and 
minimum  ductility,  should  have  been  tempered  at  a  higher  temperature. 
Nevertheless,  it  can  be  seen  that  H-11  steel  No. 2  would  probably 
retain  the  best  combination  of  strength  and  ductility  over  a  range 
of  practical  tempering  temperatures.  It  should  be  remembered  that 
the  direct  comparison  of  the  properties  of  the  steels  given  above 
compares  the  steels  only  at  one  heat  treatment. 

Sheet  weldments  were  also  welded  by  the  TIG-manual  welding 
process  using  welding  condition  A2X  for  comparison  with  the  TIG 
automatic  process.  X^t  was  necessary  to  increase  the  energy  input 
for  the  manual  process  to  condition  X  for  the  first  pass  and  Y  for 
the  second  pass).  The  tensile  test  results  for  these  weldments 
are  also  presented  in  Table  20.  Results  are  nearly  identical  to 
those  obtained  by  the  automatic  TIG  welding  process  for  specimens 
of  comparable  hardness. 

The  average  yield  strength  for  sheet  weldments  in  H-11  steel 
No.  2  welded  by  the  TIG-automatlc  process  was  211,300  psl  while  the 
average  yield  strength  for  the  same  steel  welded  by  the  TIG-manual 
process  was  219 #500  psl.  Average  tensile  strength  for  the  TIG- 
automatlc  process  was  249,500  psl  and  for  the  TIG-manual  process 
it  was  252,500  psi.  Average  ejiongatlons  in  tvro  Inches  were  4.25 
percent  for  the  automatic  and  3.8  percent  for  the  manual  TIG 
process.  The  lack  of  adequate  quantities  of  speclaens  for  statis¬ 
tical  reliability  makes  the  comparison  of  subtle  differences  difficult. 

Tensile  properties  for  unwelded  sheet  base  metal  are  given  in 
Table  21.  Again,  it  is  apparent  that  the  optimum  tempering  tem¬ 
perature  was  not  achieved  for  all  the  steels.  Steel  No.  2,  4, 
and  6  have  nearly  identical  elongation;  however,  the  elongations 
for  steel  No.  1  and  5  are  about  the  same  as  that  of  steel  No.  3. 

The  average  values  for  unv/elded  and  welded  specimens  are 
compared  in  Table  22.  It  is  evident  that  the  weld  properties 
were  not  as  good  as  those  of  the  base  metal.  This  was  particularly 
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TABLE  20.  TRANSVERSE-HELD  TENSILE  DATA  TOR  SHEET  SPECIMENS 
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T.M’.U:  20.  TR/iNSVERSL-WELD  TtfiSILE  DAT.-.  rCi.-{  SHEET  SPECIMENS 

(Continued) 


o  c; 
u  u 

u  (0  9 
C  0^  ^ 
Q  JZ  u 
4J  CO  <e 
K 
M 


p 

o 


u 

•M  9 

<4-1  4J 

(4  0  0 

U  t« 

Q  U 

^  Cu 


£ 

e  ce\ 
w 

p 

P 

e 

M 

•o 

9 

u 

OZ 

p  *1 

3C  d 

C  =  , 
O 


o 

U  (Ml 


P  X 
^  4J 

tcH 

N  e 

e  p  gJ 
p  w  ^ 
H 

CO 


p  e  K 

*p4  P 

><  w 

u 

Vi 


c 

k 


s 


c 

II 

rj 


Sf 


o  o 

•  • 

<M  n 

V)  *n 

I  I 

lA  m 


m  lA 


o  o 


(M  CM 
lA  lA 


C  OO 

•  • 

<M  ^ 

o 

Cl 

o  o 
•  • 
'O  X 


o  o 

si 

*  «k 

<M  ^ 
lA 

(M  (M 


00 

CM  (M 
CM  CM 


I  j  .A 

«rt  1 


o  o 

•  • 

cn 

»A  lA 

I  I 

o  o 

s? 


lA  o 


o 

•  • 

(M 

*A  o 

•  • 

CM  CA 

o  o 

•  • 

00  00 


o  o 

ss 

•  « 

9\  O 
CM  CM 


<M 
CM  M 


lA  4A 

SS 

I  I 
O 
*  • 

i?»  »A 


o  o 

ss 


o  o 

•  • 

CM 

o  o 

•  • 

^  -4 

o  o 

•  • 

o  ^ 


O  P 

si 

m  m 

>C  V\ 
CA  'X 
CM  CM 


CM  CM 


CM 

CM 

f 

*n 

Os 


i 

•n 


00 

00 


X 

o 

I 

•n 

00 

os 


o  o 

•  • 

00 

tt 

o  o 
«  • 
VO  O 


o 


o  o 

•  • 

*A  lA 

®2 

9v  S 

O  O 
•  • 

Sf  »A 


O  O 

SS 

*  «l 
00 

CM  Al 


2g 

CM  CM 


SS 


o  o 
•  • 

P  CM 
lA  4A 

I  I 

o  <n 

•  • 

O  00 
lA 


o  o 

sis 

o  o 
•  • 

lA  iA 

o  o 
•  • 

(M  CM 

9  O 
•  • 

CM  Al 


O  O 

SS 

»  A- 

r>  ^ 

CM  CM 


SS 

CM  CM 


SS 


o  o 

•  • 

Q 

o  ‘A 

•  • 

Ov  00 
sf 


lA  o 


Os  Os 


»A  »A 
«  • 

CA  CA 

o  o 
«  • 

o  <A 

O  O 
*  • 

o  OO 


o  o 

ss 

*  *■ 

^  UA 
CM  fA 
<M  (*1 


VA 

Os  OS 


X 


OO 


p 

00 

<0 

u 

p 

> 

< 


ss 


o  »A 

c  I 

VA  vA 

SS 


o  o 
•  • 

O  <A 

t  • 

CM  lA 

O  <A 
•  » 
CM 

O  O 
•  • 
^  (A 


fo 

s 

*  m 

Os  CA 
^  *A 
CM  CM 


Os  00 

CM  CM 


SS 


o  o 
•  • 
CM  CM 
»A  »A 
I  I 

o  o 
•  • 

CM 
A  A 


A  O 


^  CM 
A  A 


O  O 

•  • 

A 

o  o 
•  • 
Ov  P 

o  o 
•  • 

CM  o 


9  9 

SS 


A  A 
CM  CM 


CM  Os 
CM  <-4 
CM  CM 


N 

CM 

< 

s( 

9 


N 

S3 

31 

X 

9 


(0 

U 

9 

i 


w 

9 

a 

CM 

IH 

O 


s 

o 


p 

i. 

e 


X 

9 

s 

•o 

e 

n  • 

mi 

li* 

8JS 

00  X 

w  ^ 

d  c 

•p4 

«  « 
N  P 

•H  e 

4J  ••M 
•#4  VM 

g<3 

m  m 

9  •N 

"  c 

25 


S  8 

it 

ii  m 

f-i  p 

^  X 

<  H 


«  X 


73 


(c)  Th«  l/2«»ifich  elongation  values  for  base  loctal  fractures  i#ere  not  included  in  computing  the  averages. 

(d)  Energy  condition  ZX  is  between  energy  Z  snd  X  in  value. 

(e)  Energy  condition  X  was  used  for  the  first  pass  and  Z  for  the  second  pass. 

(f)  Percent  shear  was  classified  In  quadrants:  quadrant  1  was  0*23  percent  shear,  II  was  23<»50  percent  shear 
III  was  30*75  percent  shear. 


TABLE  21.  UMWELDEO  BASBHCXAL  TENSILE  DATA  FOR  SHEET  SPECDONS^*) 
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TABL'S  22.  COMPARISON  OF  WELDED  SHEET  AND  UNWELDED  DATA  FOR 
THE  OTHER  SHEET  STEELS  (Welded  by  the  TIC  Auto- 
natlc  Proceee) 


Steel 

No. 

Yield 

Strength, 

Tenalle 

Strength, 

pal 

X  Elongation 
In  2  in. 

Unwelded  Average 

1 

248,000 

290,000 

5.2 

Welded  Average 

1 

229,000 

270,000 

2.4 

Difference 

-7.7X 

-6.9X 

-53X 

Unwelded  Average 

2 

229,000 

279,500 

5.8 

Welded  Average 

2 

226.000 

263.000 

hi 

Difference 

-1.3X 

-5.85X 

-38X 

Uniielded  Average 

4 

226,000 

275,000 

5.8 

Welded  Average 

4 

217,000 

251,000 

3.7 

Difference 

-4.0X 

-8.7X 

-36X 

Unwelded  Average 

5 

255,000 

290,000 

5.0 

Welded  Average 

5 

231.000 

250,000 

1.7 

Difference 

-10.6X 

-13.81 

-66X 

Unwelded  Average 

6 

217,000 

262,000 

6.0 

Welded  Average 

6 

204.000 

241.000 

4.5 

Difference 

-6.0X 

-8.0X 

-25X 
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the  case  for  H-I3  steel  No.  5.  The  welded  H-11  steel  No.  2  was 
In  closest  agreement  with  Its  base  metal  properties. 

The  effects  of  welding  parameters  on  the  tensile  properties 
of  the  sheet  steels  after  hardening  and  tempering  are  listed  In 
Table  23. 


TABLE  23.  THE  EFFECTS  OF  WELDING  CONDITIONS  ON  AVERAGE  TENSILE 
PROPERTIES 


Property 

Yield  Strength, 

Tensile  strength,  psl'®' 
Elongation  In  2  in.  /  \ 
Elongation  In  1/2  In.'  ' 


Welding  Condition 


HIX  A2Z  C4X 

229,000  219,000  201,000 

266,000  255,000  254,000 

3.15  3.75  2.70 

10.40  10,25  9.34 


(a)  Data  from  specimens  which  failed  in  the  base  metal  were  not 
used  in  computing  these  average  values. 


It  is  evident  that  condition  C4x  results  In  inferior  strength 
2uid  ductility.  Condition  HIX  (no  preheat)  produces  the  best  com¬ 
bination  of  strength  and  ductility  but  condition  A2Z  is  nearly  as 
good.  Furthermore,  the  400  F  preheat  of  condition  A2Z  is  not  so 
likely  to  result  in  weld-cracking  in  a  configuration  involving 
restraint  as  the  no-preheat  condlton  H, 


It  may  be  seen  that  there  is  a  15  percent  difference  In  yield 
strength  between  the  C4X  and  HIX  conditions;  however,  less  ffer- 
ence  was  noted  for  the  other  mechsuilcal  properties.  These  results 

(although  based  on  a  fevr  tests)  supplement  the  more  extensive 
study  of  the  steel  No.  3  in  which  it  was  found  that  welding 
parameters  did  not  have  a  very  appreciable  Influence  on  the 
mechanical  properties  after  the  hardening  and  tempering  heat 
treatments . 


Plate  -  The  results  of  transverse-weld  tensile  tests  for  plate 
are  presented  in  Table  24.  It  is  evident  that  weldments  of  H-11 
steel  No.  2  and  H-13  steel  No.  6  generally  had  the  best  strength 
and  ductility. 

The  weldments  of  H-I3  steel  No,  6  welded  with  condition  GIW 
v/ere  the  only  ones  in  which  the  weld  was  stronger  than  the  base 
metal.  Excellent  elongation  for  this  steel  was  obtained.  Weld¬ 
ments  of  steel  No.  4  and  No.  5  lacked  ductility;  however,  elonga¬ 
tion  values  might  have  been  increased  by  using  higher  tempering 
temperatures. 
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TABU  24.  TRANSVERSE  WELD  TENSIU  DATA  FOR  PLATE  SPECIMENS 
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(d)  No  defect  visible 


It  was  found  necessary  to  reduce  the  width  of  most  of  the 
plate  tensile  specimens  from  0.50  inch  to  0,25  inch  because  of 
difficulties  in  gripping  some  of  the  specimens. 

Steel  No.  1  was  not  tested  because  radiography  at  one  percent 
sensitivity  detected  porosity  in  all  plate  welds.  Attempts  to 
eliminate  porosity  in  welding  this  particular  steel  were  futile. 
Small  clusters  of  porosity  in  the  order  of  1/32-inch  diameter  were 
observed  in  specimens  20-1  and  23-2.  The  porosity  reduced 
elongation  values  in  the  former  but  not  in  the  latter  specimens. 

The  problem  of  consistent  porosity  encountered  previously  was 
eliminated  (except  for  steel  No.  1)  by  more  rigid  control  of  arc- 
voltage  and  improving  the  wire  cleaning  procedures. 

The  ductility  of  specimen  13-2  was  impaired  by  a  lack  of 
penetration  resulting  in  non-fusion  at  the  lands. 

Inclusions  lying  in  the  plane  of  the  plate  and  sheet  were 
frequently  found  in  the  base  metals  of  these  steels.  A  large 
central  inclusion,  shown  in  Figure  24a,  extending  across  one-half 
the  width  of  the  base  metal  in  a  direction  perpendicular  to  the 
fracture  face,  caused  the  fracture  of  specimen  12-1  but  only  after 
a  ten  percent  elongation  had  been  achieved.  The  presence  of 
inclusions  perpendicular  to  the  fracture  face  was  also  found  in 
specimens  11-2,  13-1,  and  21-1  but  it  v/as  apparent  from  the 
fracture  mai4clngs  that  they  were  not  the  cause  of  fracture  initia¬ 
tion.  Inclusions  were  also  found  in  sheet  base-metal  as  is  shown 
in  Figure  24b.  The  evidence  of  an  Inclusloals  shown  in  the  top 
picture  of  Figure  2kbf  which  is  a  cross-sectional  view  of  the 
fracture  face  through’^the  inclusion.  The  inclusion  opened  up 
near  the  fracture  face  upon  fracturo  but  remains  closed  and 
identifiable  to  the  right  of  the  fracture  face. 

Transverse-Notch  Longitudinal-Weld  Tests 

These  tests  were  performed  with  1.5-inch  wide  specimens |  the 
two-inch  wide  specimens  were  found  unsatisfactory  with  steel 
No.  3.  Notch  radii  were  between  .004  and  .006  inch,  as  measured 
on  a  shadow  comparator.  The  results  are  presented  in  Table  25. 
Specimens  of  H-11  steel  No.  2  and  H-12  steel  No.  4,  both  welded 
with  condition  A2Z,  did  not  fall  in  the  weld  metal  or  heat-affected 
zone.  Specimens  of  the  H-13  steel  No.  6  welded  with  conditions 
A2Z  and  HIX  had  a  notch-strength  equal  to  or  greater  than  the 
average  base-metal  tensile  strength  for  the  steel  given  .in  Table  21. 

The  percent  shear  observed  on  the  fracture  face  does  not 
correlate  well  with  the  notch-strength  to  base-metal  strength  ratio. 

The  H-13  steel  No.  6  and  H-11  steel  No,  2  have  superior  notch 
strength  to  H-13  steel  No.  5;  all  three  steels  had  about  the 
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300X  Etchant:  None  R3197 

a)  Plate  Tensile  Specimen  12-1 


Fracture  Pace,  Bottom;  Cross  Section  into  Fracture  Pace,  Top 
20X  Etchant:  None  R3212 

b)  Sheet  Tensile  Specimen 

FIGURE  24.  INCLUSIONS  IN  BASE  METAL  OP  HOT-V/ORK  TOOL 
STEEL  PLATE  AND  SHEET 
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TABLE  23.  TIUNSVEBSB»M>TCH  LONGITUDIIIAL-WELD  TENSILE  DATA  FOE  SHEET  WELDMENTS 
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(b)  The  ratio  of  the  noaiinal  notch^fracture  stress  to  the  average  bsse^ztal  tensile  strength  of  that  steel  given  in 
Table  21. 


same  elongation  (about  5«85^).  Steel  No.  1  has  superior  notch 
strength  to  H~13  steel  No.  5  even  though  their  elongations  were 
about  the  same 

Welding  conditions  had  no  effect  on  the  strengths  of  these 
specimens.  The  average  strength  for  conditions  A2Z,  HIX,  and  C4X 
was  251,  252,  and  253  ksl,  respectively. 

Bend  Tests 


Sheet  -  Longitudinal-weld  bend  test  data  are  given  for  sheet 
specimens  in  Table  26. 

The  load  on  the  specimen  at  fracture  was  recorded.  The 
corresponding  bending  stress  in  the  plastic  range  could  not  be 
easily  determlnedj  hov/ever,  if  it  can  be  assumed  that  the  extent 
of  necking  and  geometry  remain  the  same  for  all  specimens,  the 
fracture  load  values  should  provide  an  indication  of  the  comparative 
fracture-strength  of  these  specimens. 

A  crude  parameter,  the  product  of  the  elongation  and  the 
fracture  load,  was  devised  to  indicate  in  a  comparative  manner  the 
energy  absorbed  at  fracture.  The  units  of  this  parameter 
pounds  per  inch,  are  meanlnglessi  nevertheless,  since  specimen  size 
and  conditions  of  testing  were  constant,  the  parameter  should  pro¬ 
vide  a  valid  indication  of  the  relative  energy-absorption  of  the 
test  specimens. 

The  values  of  elongation,  fracture-load,  and  energy  for 
specimens  welded  by  the  automatic  TIG  process  were  compared  for 
three  welding  conditions.  Similarly,  the  respective  values  of  the 
same  properties  for  each  steel  provided  an  average  value  for  each 
steel.  These  average  values  are  presented  in  Table  27,  In  view 
of  the  appreciable  scatter  of  data  between  replicate  specimens 
encountered  in  seven  of  the  fifteen  pairs  of  specimens,  it  is 
evident  that  various  welding  conditions  had  no  significant  effect 
on  bend  elongation.  However,  fracture-load  and  energy  appeared  to 
be  significantly  Influenced,  with  condition  C4x  providing  the 
strongest  and  toughest  weldments  and  A2Z  providing  the  v/eakest 
and  least  tough.  This  observation  is  contrary  to  that  of  the 
tensile  data.  A  comparison  is  also  presented  in  Table  27  between 
the  bend  data  of  sheet  specimens  of  H-11  steel  No.  2  welded  by 
the  TIG  manual  process  v/lth  v/eldlng  condition  A2X  and  TIG  automatic 
process  with  condition  A2Z.  It  appears  that  the  manual  welding 
process  produces  stronger  and  more  ductile  weldments  in  bending 
for  the  few  number  of  tests  made. 

The  average  bend-elongation  values  for*  each  steel  indicate 
that  H-11  steel  No,  2  has  the  best  elongation,  fracture  load,  and 
energy  ratios  v/hile  H-I3  steel  No,  5  has  the  poorest  values  for 
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TABLE  26.  LONBITUDINAL-UELD  BEND  DATA  FOR  SHEET  SPECINENS 
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TABLE  26.  U)NClTUDlilAL*WEli>  BEND  DATA  FOR  SHEET  SPECIMENS 

(Continued) 
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the  heat  treatment  used. 


TABLE  27.  AVERAGE  VALUES  FOR  LONGITUDINAL-WELD 
BEND  TEST  DATA  FOR  SHEET  SPECIMENS 


Average 

Average 

Average 

Welding 

Bend 

Fracture 

Energy 

Condition 

Elongation 

Load,  lb 

Parameter 

(Automatic) 

A2Z 

9.0 

2744 

276 

HIX 

11.7 

3284 

417 

C4x 

11.1 

3774 

469 

TIG  Manual^^\_x 
TIG  Automatic'  * 

13.2 

4715 

618 

10.6 

3450 

387 

Steel  No. 

1 

9.4 

3240 

316 

2 

15.5 

4170 

657 

4 

11.7 

3510 

5 

5.6 

1480 

82 

6 

11.2 

3950 

444 

(a)  H-11  steel  No.  2  welded  by  condition  A2Z  for  automatic  process 

and  A2X  for  manual  process. 

It  Is  Interesting  to  note  that,  contrary  to  tensile-test  values 
In  which  elongation  Is  Increased  only  at  the  expense  of  strength, 
both  values  Increased  or  decireased  for  the  bend  test. 

The  coarse  and  fine  plastic  flow  patterns  were  still  Influenced 
by  the  post-heat  treatment  as  was  the  case  for  steel  No.  3.  However, 
for  those  steels  for  which  the  tempering  temperature  of  IO30  P 
produced  a  high  strength  and  hardness  (and  less  ductility)  the 
coarse  flow  pattern  often  occurred  In  the  base  metal,  pattern  A, 
even  when  the  specimen  was  hardened  from  the  annealed  condition 
(post  heats  1  and  3). 

Neither  mlcrostructural  examination  nor  micro-hardness  traverses 
of  unstrained  cross  sections  revealed  any  distinguishing  characteristics 
between  fine  and  coarse  slip  regions  of  the  weldment.  Observation 
of  the  tested  bend  specimens  Indicated  that  fracture  Initiated  In 
the  coarse  slip  rather  than  the  fine  slip  regions. 

It  should  be  noted  that  the  analysis  of  the  bend  test  Is 
Inherently  difficult  and  that  reliable  Infomatlon  cannot  be 
obtained  unless  a  sufficient  number  of  specimens  for  statistical 
analysis  are  tested. 
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Plate  -  Transverse-vield  bend-test  data  are  given  for  plate  speci¬ 
mens  in  Table  28.  All  fractures  occurred  in  the  weld  metal  or 
heat-affected  zone.  There  is  no  significant  difference  in  bend 
elongation  percent  for  the  condition  GlW  as  compared  to  the 
condition  PIW. 

Average  values  cannot  be  computed  for  the  fracture  loads  or 
the  energy  parameter,  because  some  of  the  specimens  withstood  the 
maximum-capacity  of  the  hydraulic  Jack  and  were  not  fractured. 

The  data  Indicate  that  welding  condition  F2W  produced 
stronger  and  tougher  weldments  for  steels  No.  4  and  No.  5  v/hlch 
had  lower  elongations  than  the  other  steels.  This  difference 
is  probably  a  result  of  the  normalizing-type  postheat  2,  although 
there  are  three  points  of  Rockwell  c  hardness  difference  in  the 
base  metal  hardnesses  between  the  specimens  of  steel  No.  4  welded 
by  the  two  different  conditions. 

A  study  of  the  fracture  faces  Indicated  that  porosity  was  the 
source  of  fracture  initiation  in  only  two  specimens.  Porosity 
was  not  observed  in  any  other  fracture  faces.  The  porosity  was 
very  small  (about  .012  inch  in  diameter)  and  eviden-ly  it  did  not 
appreciably  reduce  elongation  or  fracture-load  values. 

The  location  of  the  fracture  source  provided  an  indication 
of  the  influence  of  the  fracture-initiating  defect.  The  weakening 
effects  of  a  centrally  located  defect  which  caused  fracture  was 
greater  than  that  of  a  defect  located  at  the  edge  where  the 
tensile  stress  was  greater. 

No  defects  were  found  at  most  of  the  sources  of  fracture 
initiation;  however,  most  of  the  fracture  sources  appeared  to 
have  a  coarse  fracture  pattern. 

Plate  Specimens  Welded  by  TIG  Process  -  Plate  weldments  were  pre- 
pared  by  the  Tfo  welding  process  to  provide  a  comparison  with 
those  pz^pa]?ed  with  the  MIG  welding  process.  Lack  of  fusion 
occurred  in  these  welds;  however,  it  was  expected  that  the  bend- 
test  results  would  not  be  greatly  influenced  by  a  lack  of 
penetration  as  long  as  it  v;as  at  the  centroldal  axis  (center)  of 
the  bend  specimen.  Bend-test  results  for  TIG  plate  weldments  are 
presented  In  Table  28.  A  comparison  of  the  data  available  for  the 
same  steel  indicates  that  the  MIG  process  produced  better  bend 
properties  than  the  TIG  process  for  plate  weldments. 

Charpy  Impact  Testa 

The  results  of  the  large  (1/2-lnch)  radius  Charpy  impact 
tests  for  1/2-lnch  plate  weldments  are  shown  in  Figure  25*  The 
energy-transition  temperature  range,  based  on  a  pronounced  change  in 
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TABLE  28.  TBAMVEKSE-UELD  BEMD-TEST  DATA  POE  PLATE  SPECIHERS 
(All  fractures  occurred  In  the  veld  actel) 
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25  UMIQfe'-IIAOlUS  NOTCH  CHARPY  IMPACT  OAIA  FOR 


slope  of  curve  at  maximum  and  minimum  energy  levels  for  the  weld 
metal  of  H-11  steel  No*  2  welded  by  condition  F2W,  Is  about  -9OF 
to  -I90F,  while  that  for  the  base  metal  of  this  steel  Is  about 
-I3OF  to  -230  F. 

There  was  considerable  scatter  In  the  results  for  weld  metal 
deposited  by  the  TIG  welding  process.  This  scatter  of  data  may 
be  attributed  to  an  Internal  metallurgical  notch  effect  at  the 
fusion  line.  This  notch,  visible  In  Figure  26a,  greatly  lowered 
Impact  energy  values.  It  was  suspected  that  lack  of  penetration 
caused  the  defect;  however.  If  lack  of  penetration  existed.  It 
would  have  extended  across  the  entire  width  of  the  Charpy  specimen. 
The  curve  of  the  maximum  energy  values  obtained  from  flawless  TIG 
welded  specimens  Indicated  that  the  energy-transition  temperature 
was  In  the  range  of  -40  to  -I60  F. 

The  results  from  the  large-radius  specimens  showed  differences 
In  the  performance  of  steel  No.  3  that  were  not  shown  by  the 
standard  V-notch  Charpy  specimens.  The  Influence  of  the  sharp 
V-notch  was  so  great  for  these  tool  steels  that  all  the  energy 
values  for  both  weld  metal  and  base  metal  fell  within  a  narrew 
range  of  5  to  20  ft-lb.  The  large-radius  notch  of  the  specimens 
used  subsequently,  however,  did  not  provide  a  stress  concentration 
but  rather  Insured  that  fracture  would  occur  across  the  most 
narrow  region.  Any  notch-effect  which  occurred  from  metallurgical 
defects  was  not  overshadowed  by  a  sharp  mechanical  notch,  hence 
the  scattering  of  the  data  was  meaningful. 

The  effects  of  test  temperature  on  the  bend  angle  of  the  Impact 
specimens  are  shown  In  Figure  27.  Less  plastic  deformation  was 
encountered  at  lower  temperatures. 

Elevated-Temperature  Tensile  Teats 

Transverse-weld  tensile  tests  of  welds  In  H-11  steel  No.  2 
were  conducted  at  400,  800,  and  1000  F.  The  results  are  listed  In 
Table  29.  The  elongation  at  fracture  Is  not  appreciably  affected 
by  test  temperature.  Both  yield  and  ultimate  tensile  strength 
decreased  with  Increasing  test  temperature. 

Aging  for  24  hours  at  test  temperature  prior  to  tensile 
testing  showed  an  effect  only  at  1000  F.  The  aging  at  1000  F 
resulted  In  a  decrease  In  yield  and  ultimate  tensile  strengths 
with  no  appreciable  change  In  elongation. 

The  hlgh-temperature  tensile  strength  of  these  weldments  was 
reduced  by  23  percent,  and  yield  strength  was  reduced  by  I6  percent 
by  heating  to  1000  F  for  a  short  time.  The  24-hour  hold  at  1000  F 
before  testing  resulted  In  a  36-percent  decrease  In  tensile 
strength  and  a  3l“P®rcent  decrease  In  yield  strength.  The  differ¬ 
ence  between  a  short-time  and  24-hour  hold  at  1000  F  was  a  17- 
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ICX  Xiiciiant:  none  P.3211 

Rufilon  or  Petallo:" 'Icaj.  Poroct  a  Jounce  of  Initiation 
(■•a  F  Teat  Tenpcrauure,  io.-.  ft-lb  Fracture  Energy) 


oX  Etchant :  Pone  P3i99 

b )  Forosity  as  Jource  of  Initiation 
(-12C  F  Test  Tenperature,  fC  ft-lb  Fracture  Energy) 

FIGURE  2c.  FRACTUrQ'  FACE  IN  THE  WELD  METAL  OF  LARGE-RADIUS  CHARPY 
SPECIMENJ  JHOWiriG  lU'GIONJ  AT  WHICH  FRACTURE  INITIATED 
(Tensile  region  and  large  radius  notch  at  top  cf 
specimen,  compression  region  at  bottom) 
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EFFECT  OF  TEET  TEEFERATITJ-:  Oi;  3E!:D-AIIGLE  OF  LARGE- 
R.r.DiJo  C;L‘.:'i'Y  TI-.FACT  GPt’CIXEi^S  (Stcex  IIo.  2) 
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percent  decrease  in  tensile  strength,  an  18-percent  decrease  in 
yield  strength,  and  a  decrease  in  base  metal  hardness  of  three 
points  Rockwell  c  hardness. 

Although  1000  P  is  below  the  tempering  temperature  of  1050  P 
for  this  steel,  long  time  exposure  results  in  a  strength  reduction. 
All  of  the  specimens  fractured  in  the  weld  metal  with  the  exception 
of  one  base  metal  and  two  heat-affected  zone  fractures. 

Bulge  Tests 


Sheet-bulge  specimens  of  steels  No.  1,  2,  and  6  were  v/elded 
by  the  A2X  welding  condition,  hardened,  and  double  tempered.  Two 
specimens  were  made  for  each  steel j  however,  a  repair  weld  required 
for  one  of  the  specimens  of  steel  No.  1  could  not  be  made  without 
changing  the  weld  parameters  under  investigation.  It  was  therefore 
decided  not  to  test  this  specimen,  since  a  change  in  welding 
parameters  would  not  pemit  a  comparison  of  the  results  of  all 
test  specimens. 

Results  of  the  tests  are  given  in  Table  30.  Specimens  No.  1 
and  2  of  H-11  steel  No.  2  withstood  a  maximum  pressure  of  6200  and 
6000  psi,  i?espectively,  v/lthout  fracturing.  When  it  v/as  found 
that  only  a  dynamic  pressure  (from  dropping  the  weight)  of  about 
4300  psi  could  be  achieved  by  the  test  device,  an  initial  static 
pressure  was  applied  prior  to  dropping  the  weight.  Specimens  3 
and  4  failed,  however,  during  the  application  of  the  static 
pressure  at  I800  and  1400  psi,  respectively.  Specimen  3  failed 
upon  the  application  of  2000  psi  static,  plus  I300  psi  dynamic 
pressure.  The  variation  of  dynamic  pressure  with  time  Is  shown 
for  the  sixth  cycle  of  bulge  specimen  No.  2  In  Figure  28.  (The 
drawing  was  traced  from  the  actual  oscilloscope  photograph). 

The  Initial  Increase  In  pressure  from  1300  to  3500  psi  occurred 
within  310  mlcTOseconds  at  a  rate  of  12. P  psi  per  microsecond. 

The  initial  surge  was  followed  by  a  maxlinjm  peak  (at  6000  psi) 
occuz>rlng  within  1000  microseconds.  The  other  pressure-time 
curves  were  similar. 

Bulge-test  specimens  3  and  4  are  shown  In  Figures  29a  and 
29b,  respectively.  The  fractures  of  specimens  No.  3«  &nd  3 
all  initiated  In  the  weld  metal.  In  vessels  No.  4  and  3  the 
crack  traveled  transverse  to  the  weld  direction;  In  specimen 
No.  3  the  crack  traveled  along  the  weld  for  a  short  distance  and 
then  bifurcated  (branched). 

In  those  specimens  that  failed,  the  source  was  attributed  to 
porosity  In  the  weld  deposit.  This  porosity  was  small  enough  to 
escape  detection  by  two  percent  sensitivity  radiographic  standards. 
The  fracturo  sources  are  shown  for  bulge  specimens  3  and  3  In 
Figures  30a  and  30b,  respectively.  Very  small  porosity  defects 
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FIGURE  28  VARIATION  OF  DYNAMIC  PRESSURE  WITH  TIME  FOR  BULGE  SPECIMEN  2 


.24X  R3177 

a)  Specimen  No.  3 

Symbol  "S"  Indicates  Source  of  Fracture  Initiation 


.35X  R3I76 

b)  Specimen  No.  4 

Source  of  Fracture  Initiation  is  at  Intersection  of 
Crack  v;ith  Weld  Center  Line 

FIGURE  29.  FRACTURED  BULGE-TEST  SPECIMENS 
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Etchant;  None  R31b3 

Buij^c-Test  Specir.en  3 


b) 


Etchant;  None  R3I6E 
Bui/jC-Test  Bpecinen  3 


FlGUItE  3U, 


FRACTURE  FACE3  OF  BULGE-TEST  SPECIMENS  SHOWING 
POROSITY  AS  SOURCE  OP  FRACTURE:  INITIATION 
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were  seen  at  the  source  although  the  fracture  markings  mask  the 
porosity  to  some  extent  In  the  photographs. 

It  is  not  knovm  whether  the  superior  performance  of  the 
specimens  from  steel  No.  2  can  be  attributed  to  better  ductility 
and  strength  properties  or  to  the  fact  that  the  v/eld  did  not  con¬ 
tain  any  porosity. 

The  maximum  stress  produced  in  specimen  No.  1  and  2  was  less 
than  319,000  and  388,000  psl,  respectively.  These  stress  values 
v;ere  calculated  from  the  depth  of  bulge  remaining  in  the  specimen 
after  the  load  was  removed.  The  maximum  deflection  of  the  unf ailed 
specimen  under  the  loading  pressure  was  greater  than  the  measured 
deflection  under  no  load,  hence  the  actual  stress  was  less  than 
319,000  psl  and  388,000  psl.  Nevertheless,  the  stress  must  have 
been  of  a  high  magnitude.  Sample  calculations  are  given  in  the 
Appendix.  It  should  be  noted  that  the  v/eld- Joints  in  these  two 
specimens  withstood  considerable  plastic  deformation,  yet  did  not 
fail.  The  other  three  bulge  specimens  fractured  into  several 
pieces,  thus  making  it  impossible  to  get  an  accuz>ate  measurement 
of  bulge  depth. 

Strain  at  fracture  was  not  recorded  for  some  specimens  because 
the  strain  gages  separated  from  the  specimen  upon  dynamic  loading. 
Fracture  stress  can  be  computed  from  strain  for  specimens  4  and 
3,  for  which  strain  was  recorded.  At  the  static  failure  piressure 
of  1400  psi,  the  maximum  stress  for  specimen  4  v/as  157,400  psl.  For 
specimen  3  the  stress  at  the  initial  static  load  of  2000  psl  was 
234,000  psl.  Sample  calculations  of  the  determinations  of  stress 
from  membrane  strain  are  given  in  the  Appendix. 

Pressure  Vessel  Tests 


Results 


The  results  of  the  dynamic  and  static  pressure-vessel  tests 
are  given  In  Table  3I.  Pressure  vessel  No.  1  was  tested  repeatedly 
in  an  attempt  to  develop  sufficient  pressure  in  the  drop-weight 
test  to  fracture  the  vessels.  The  structure  supporting  the 
vessel  during  dynamic  testing  v/as  Initially  constructed  of  solid 
v/ooden  blocks,  v/hich  did  not  furnish  sufficient  support.  IVhen 
replaced  v/lth  a  welded  steel  structure  the  system  was  more  rigid 
permitting  a  high  enough  pressure  tc  fracture  the  vessel. 
Unfortunately,  failure-pressure  was  not  recorded  for  some  of  the 
tests  because  of  a  malfunctioning  of  the  pressure-time  recording 
oscilloscope. 

Clrcumfeirentlal  strains  were  measured  on  the  weld  and  on  the 
base  metal  90  degrees  from  the  weld.  The  strains  would  be  expected 
to  be  the  same  since  the  yield  strength  of  neither  weld  nor  base 
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metal  was  reached  and  the  elasticity  of  both  Is  essentially  the 
same.  The  welding  of  the  vessel,  however,  produced  an  out>of -round 
region  In  the  vessel.  The  Internal  pressure  developed  bending 
stresses  about  the  weld  as  the  vessel  became  round,  which  accounts 
for  the  discrepancy  between  the  two  strain  values.  The  longitu¬ 
dinal  weld  of  vessel  No.  3  was  Initially  flat;  the  bending  moment 
Increased  the  curvature  and  thereby  the  tensile  strain.  The 
other  vessels  Initially  had  a  peaked  configuration  at  the  weld 
Joint  which  required  bending  moments  to  decrease  the  curvature 
to  obtain  roundness.  This  type  of  moment  decreased  the  tensile 
strain  below  that  In  the  round  base-metal  body. 

The  greatest  strain-rate  of  eight  Inches  per  Inch  per  second 
was  achieved  with  vessel  No.  1. 

The  fractured  vessels  are  shown  in  Figure  3I.  Ihe  fractures 
of  the  dynamically  loaded  vessels  No.  1  and  2  did  not  bifurcate 
as  In  the  static  tests.  The  main  crack  In  both  static  vessels 
bifurcated  symmetrically  Into  two  cracks  30  degrees  to  either 
side  of  the  longitudinal  direction  (except  in  the  heads  of  the 
the  vessel).  The  crack  initiated  In  the  circumferential  head-v;eld 
of  vessel  No.  1  and  propagated  In  a  straight  line  longitudinally 
through  the  base  metal.  The  crack  v/hlch  originated  In  the  weld 
metal  of  vessel  No.  2  propagated  In  the  weld  toward  the  head  for 
2-1/2  Inches  and  then  moved  laterally  1/8  Inch  Into  the  heat-affected 
zone.  A  secondary  source  of  fracture  Initiation  located  In 
Figure  31  caused  this  transition. 

In  the  statically  tested  vessel  No.  3  the  crack  Initiated  In 
the  circumferential  head-weld,  propagated  both  along  the  circum¬ 
ferential  weld  and  In  a  longitudinal  dli:*ectlon  throue^  the  base 
metal  for  about  1-1/2  Inches,  then  moved  laterally  1/4  Inch 
to  the  weld  to  continue  Its  propagation  through  the  weld  metal. 

The  main  crack  Initiated  In  the  weld  metal  of  pressure  vessel 
No.  4  and  bifurcated  after  It  had  traveled  2-1/2  Inches  frcrni  the 
source  In  both  directions.  Surprisingly,  a  large  length  of  the 
fracture  face  to  the  right  of  the  fracture  initiation  source  of 
vessel  No.  4  was  about  a  90  percent  shear  fracture. 

Cracks  propagated  along  the  longitudinal  welds  of  vessels 
No.  2,  3,  and  4.  In  vessels  No.  2  and  3,  a  special  characteristic 
of  the  fracture  was  observed  when  the  fracture  propagated  through 
regions  in  which  the  weld  was  repaired.  The  center  of  the  fracture- 
face  was  flat  and  of  a  granular  texture;  no  chevrons  or  other 
fracture  markings  were  present.  The  chevrons  emanated  from  this 
flat  central  region  until  they  Intersected  the  shear  lip  at  the 
edges  of  the  fracture  face,  probably  the  result  of  almost 
instantaneous  fracture  propagation  through  the  repair-weld  metal. 

This  type  of  fracture  was  not  observed  In  the  longitudinal  weld 
of  vessel  No.  4  In  which  no  repair-welds  were  made  In  the 
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longitudinal  weld.  The  longitudinal  weld  of  vessel  No.  1  was 
repair-welded,  although  failure  initiated  in  the  girth-weld  in 
which  no  repair-welds  were  made  and  propagated  through  the  base 
metal  about  90  degrees  radially  away  from  the  longitudinal  weld. 

The  only  vessel  in  which  a  failure  initiated  at  the  location  of  a 
weld-repair  was  vessel  No.  2. 

The  values  of  the  plastic  properties  n  and  K  of  the  plastic 
strain-stress  equation  a  =  were  measured  from  the  stress-strain 
cua?ves  for  unwelded  base-metal  specimens.  These  0.090-lnch  thick 
specimens  were  hardened  and  tempered  with  the  pressure  vessels  to 
provide  an  indication  of  the  base-metal  properties  of  the  pressure 
vessel.  These  properties  will  Include  any  effects  from  the  very 
slight  decarburization  encountered.  The  tensile  properties  are 
for  the  longitudinal  direction  since  the  direction  of  the  hoop 
stress  in  the  pressure  vessel  is  also  in  the  direction  of  rolling. 
These  values  are  given  in  Table  32. 

TABLE  32.  LONGITUDINAL  TENSILE  PROPERTIES  FOR  BASE-METAL 
SHEET  SPECIMENS  OP  STEEL  NO.  2  HARDENED  AND 
TEMPERED  WITH  THE  PRESSURE  VESSELS 


Specimen  No. 
and 

Vessel  No. 

Yield 

Strength, 

psi 

Tensile 

Strength,  %  Elongation 
psi  in. 

Average  Plastic  , 

,  Hardness,  Parameters'^ 
Rc  n  K 

1  (PV-1] 

1 

222,000 

269,000 

5.0 

50.5 

0.457  196,400 

2  (PV-2 

1 

224,000 

274,000 

5.0 

50.5 

0.368  203,700 

3  (PV-4J 

1 

211,000 

254,000 

5.0  - 

Average 

0.480  172.900 

Analysis  of  the  Failures 

There  are  tv;o  ways  in  v/hich  the  pressure  vessels  might  have 
failed:  one  is  a  ductile  failure  in  v/hich  the  vessel  was  strained 
in  the  plastic  range  until  failure  occurred;  the  other  is  one  in 
which  a  crack  may  have  initiated  (often  at  a  metallurgical  defect) 
and  propagated  v/lthout  gross  plastic  strain.  Both  methods  of 
failure  may  be  analyzed  to  some  extent  by  theoretical  considerations. 

Failure  from  Plastic  Flow  -  The  simplified  design  equation  for 
determining  the  bursting  pressure  of  a  thin-v/alled  vessel 
considering  plastic  flow  is  2. 

r  .  •  (^)  (1) 

I  These  values  are  different  from  those  given  in  the  literature 
for  steels,  probably  because  the  strains  were  low  and  the 
parabolic  plastic  stress-strain  relation  is  not  applicable 
for  either  very  small  or  very  large  strains. 

2.  Reference  7. 
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where  "F  ■  bursting  pressure 

n  ■  strain  hardening  coefficient 
Oil  >  nominal  ultimate  tensile  strength 
T  ■  Initial  thickness 
R  a  Initial  radius 


The  unwelded  tensile  specimens  of  H-11  steel  No.  2  which  were  heat 
treated  with  the  pressure  vessel  No.  1  had  an  average  ultimate 
strength  of  269,000  psl,  a  yield  strength  of  222,000  psl,  and  a 
strain  hardening  coefficient  of  0,457  In  the  longitudinal  direc¬ 
tion,  For  the  vessel  No,  1 


hence. 


T  a  0,097  In,  and  R  -  3,107  In, 


P  a  ,887(8230)  -  7300  pal 

The  failure  pressure  (at  yielding)  from  the  classic  pressure- 
stress  equation  Is: 

a  ,T 

7.-^  (a) 

v:here  0  a  the  nominal  yield  strength 

y 

7 . .  6430  P.1 

The  simplified  design  equation  for  determining  failure 
strain,  considering  plastic  flow,  predicts  that  the  circumferential 
strain  at  maximum  pressure  at  failure  will  be^ 

n 

r  -  c'  (e^-l)  •  (3) 


T  a  circumferential  strain  at  maximum  pressure 
e  '  a  tensile  necking  strain 
e  a  base  of  the  natural  logarithm 


1  Reference  7 , 
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The  unwelded  tensile  specimens  processed  with  the  pressure  vessel 
had  an  average  strain  at  the  beginning  of  necking  in  the  tensile 
test  of  e '  «=  .02  in/in,  hence 

0.218  -1 
T  -  .02(e  ®  -l)  .  (e 


€  =  (.02)  -  0.0089  in/ln 

The  circumferential  strain,  «  ,  as  a  function  of  stresses  within 
the  elastic  range  of  the  material  is 

^c  "  i  ■  ‘^t) 


whez*e  E  »  the  elastic  modulus 
p.  >  Poisson's  ratio 

a  ■  circumferential  hoop  stress 
c 

■  tangential  stress 

at  yielding  of  the  material  a  ■  222,000  psl  and  a.  -  222,000/2 
or  111,000  psl.  Hence,  ®  ^ 

-  [222,000  -  .29(ni,000)]/29.5  X  10^ 

€  «  ,00646  In/ln  at  yielding 

c 

This  strain  was  exceeded  only  for  pressure  vessel  No,  1,  Further¬ 
more,  pressure  vessel  No,  1  attained  the  theoretical  failure  strain 
of  ,0089  in/ln  predicted  by  plastic  failure;  therefore,  the  failure 
pressure  was  in  the  order  of  7950  psl^. 

The  stress  in  the  pressure  vessels  was  determined  both  from 
pressure  measurements  using  equation  2  and  from  strain  measurements 
using  equation  4,  The  10  to  20  percent  discrepancy  in  stress 
values  v;as  attributed  to  local  deviation  from  roundness  of  the 
vessel  at  the  weld.  The  analysis  of  results  is  presented  in 
Table  33, 

Previous  studies  have  shown  that  subscale  chambers  (pressure 
vessels)  of  Vasco Jet  1000  failed  in  hydrotest  at  one-half  the 
yield  strength  when  heat  treated  to  230,000  psi  yield  strength^, 

T  Iflie  actual  fallure'"pressure  of  this  vessel  v/as  not  recorded 
because  the  oscilloscope  failed  to  function  properly, 

2  Reference  8, 
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TABLE  33.  AMALYStS  OF  PRESSURE  VESSEL  TESTS 
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This  strength  range  approximates  that  of  the  vessels  tested  in 
this  program.  It  v/as  not  reported  whether  the  chambers  contained 
a  longitudinal  weld  or  Just  a  girth  v/eld.  In  either  event,  vessels 
No.  1,  2,  and  3  failed  at  nominal  fracture  stress  values  exceeding 
one-half  the  yield  strength.  The  high  fracture  stress  recorded 
for  vessel  No.  1  demonstrated  that  high  performance  welded  vessels 
may  be  fabricated;  hov^cver,  the  program  also  demonstrated  that 
metallurgical  discontinuities  have  a  profound  influence  on  the 
fracture  stress  when  these  steels  are  heat  treated  in  the  211,000 
to  224,000  psi  yield  strength  and  254,000  to  274,000  tensile 
strength  ranges. 

A  recent  investigation^  of  small-scale  pressure  vessels  of 
H-11  hot-woric  tool  steels  containing  longitudinal  v/elds  revealed 
that  of  the  vessels  (containing  no  metallurgical  defects)  which 
were  tempered  to  a  tensile  strength  above  2b0,000  psi,  five 
vessels  had  a  circumferential  stress  at  bursting  equal  to  or 
greater  than  their  tensile  strength,  while  five  vessels  failed 
belov;  the  tensile  strength.  Three  vessels  failed  at  130,000-150,000 
psi  levels.  On  the  other  hand,  when  the  vessels  were  tempered  at 
tensile  strength  levels  between  230,000  and  260,000  psi  the 
incidence  of  low  strength  failures  (222,000  psi  minimum)  v/as 
greatly  reduced. 

Failure  from  Crack  Propagation  -  The  stress  required  to  propagate  a 
crack  varies  as  the  square-root  of  the  reciprocal  of  the  crack  length. 
It  is  also  dependent  upon  the  inherent  toughness  of  the  material, 
its  elastic  properties,  the  geometry  of  the  specimen,  the  environ¬ 
ment,  and  rate  of  loading. 

A  close  approximation  to  the  crack-propagation  stress  can  be 
made  by  the  use  of  the  center-notch  tension  test.  In  this  test, 
a  sheet  tensile-specimen  containing  an  internal  crack  is  loaded 
until  the  crack  propagates  rapidly  and  fractures  the  specimen.  Both 
the  crack  length  and  the  stress  at  the  moment  of  rapid  propagation 
are  recorded  to  determine  the  strain-energy  release  rate  term,  0_, 
in  the  following  equation. 

E  0 

^  w  tan  ^(c  + - Ej)  (5) 

2iray 

v/here  c  »  one-half  the  craclc  length  at  the  onset  of  rapid 
crack  propagation 
E  *»  Young's  modulus 

o  =  the  fracture  stress  normal  to  the  crack  at  the  onset 
of  rapid  propagation 


T 
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Oy  *»  the  yield  strength  of  the  material  under  test 
w  »  the  width  of  the  sheet  tensile  specimen 

The  central  crack  in  the  tension  specimen  may  be  Introduced 
by  various  techniques,  such  as  the  hydrogen  embrittlement  technique 
developed  by  Srav/ley  and  Beachem^,  or  the  method  used  by  Kies 
where  an  internal  notch  of  0,001-inch  radius  is  machined  into  the 
specimen  by  the  "Elox"  electrostatic  machining  process. 

To  date,  Gc  values  have  been  used  to  compare  the  notch 
sensitivities  of  various  materials,  but  it  is  also  desirable  to 
use  Gq  values  for  design  purposes;  for  example,  as  yield  strength 
is  used  for  design  purposes.  Consider  the  use  of  Gc  values  for 
design  purposes.  Consider  the  use  of  Gq  values  for  the  design  of 
pressure  vessels.  The  G^.  value  for  the  pressure  vessel  material 
may  be  obtained  from  equation  5  by  the  use  of  center-notch 
tensile  specimens  of  thicknesses  and  under  conditions  of  tempera¬ 
ture  and  strain  rate  approximating  those  v/hlch  would  be  encountered 
by  the  pressure  vessel.  Knowing  the  Gc  value,  the  yield  strength 
oy,  the  elastic  modulus,  and  the  maximum  stress  in  the  pressure 
vessel  as  a  result  of  the  maximum  pi^essure  (or  the  working  stress), 
the  limit  crack  length  2c  at  which  rapid  propagation  will  occur 
can  be  calculated. 


A  large  internally  pressurized  vessel  may  be  treated  for 
purposes  of  stress  analysis  as  though  it  were  under  an  infinite  g 
stress  field.  For  this  case  the  equivalent  form  of  equation  5  is*: 


^a2  a  2(2c) 

“  - S-T - 

°  E(20y2-a2) 

(6) 

Solving  for  2c; 

2®^ 

E  Gc 

(7) 

To*  o  2 
y 

CVJ 

I 

The  value  of  2c  is  the  critical  crack  length 3  at  the  onset 
of  rapid  crack  propagation  under  the  applied  maximum  stress  a.  It 
was  often  assumed  that,  as  long  as  the  vessel  did  not  contain 
cracks  of  initial  length  greater  than  this  value,  the  catastrophic 
fracture  v/ould  not  occur.  It  was  found,  however,  that  although 

^  Reference  10 

^  Reference  11.  See  Appendix  for  derivation  of  Equation  6. 

’  c  is  one-half  the  crack  length  by  division. 
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cracks  might  be  Initially  smaller  than  the  critical  crack  length, 
they  would  often  grow  slowly  until  they  reached  the  critical 
length,  then  the;  vrould  propagate  rapidly  to  cause  catastrophic 
failure. 


The  extent  to  which  an  Initial  crack  of  length  Cq  will  grow 
slowly  In  a  pressure  vessel  must  be  determined.  For  example.  If 
It  were  known  that  Initial  cracks  could  grow  only  to  a  limit  of 
6o  percent  of  their  original  length,  then  the  critical  crack 
half-length,  c,  at  propagation  could  be  replaced  by  the  value 
1.6  Cq.  All  cracks  of  Initial  half-length  cq  greater  than  £_ 
could  be  detected  In  a  structure  by  nondestructive  testing 
and  z>emoved.  In  a  general  sense,  c  am  Cq,  where  m  Is  a  constant 
designating  the  extent  of  slow-crack  growth  anticipated.  The  term 
m  Cq  can  be  substituted  for  c  In  equation  7. 


In  equation  7  the  working  stress  o  m&b  known  and  the  maxlmtun 
crack  length  c,  or  more  realistically  n  Cq,  which  could  be  toler¬ 
ated  was  determined.  However,  It  Is  often  the  case  that  the 
maximum  Initial  crack  length  which  cannot  be  avoided  vrlll  be  known, 
then  the  safe  viorklng  stress  a  can  be  determined  by  solving  equation 
7  for  the  v/orking  stress. 


{: 


E  Ge(2gy^-o^)l2- 

.2  rrxn  0^2 


or 


1 


2  o  E  G 
y  c 
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This  latter  procedure  Is  likely  to  be  used  more  frequently  than 
the  former. 


If  one  were  to  Ignore  the  condition  of  slow-crack  growth,  m 
would  be  equal  to  one  In  equation  6,  which  would  result  In  a  high 
allowable  working  stress.  If  slow-crack  growth  Is  considered,  m 
would  be  greater  them  one,  v/hlch  would  give  a  lov/er  stress  from 
the  above  equation;  therefore,  slov/  crack  growth  cannot  be  Ignored. 

For  center-notch  tensile  specimens,  the  Naval  Research 
Laboratory^  has  found  the  value  of  m  to  vary  between  1.07  and  2.1 
vflth  an  average  value  m  =  1.6,  for  several  different  materials 
over  a  range  of  Gc  values.  For  the  present,  the  average  value  of 

W 

1.6  Cg  has  been  substituted  for  c  In  equation  8  for  pressure 
vessels.  However,  slow-crack  extension  data  has  not  been  obtained 
for  pressure  vessels  and  it  is  not  knovm  v/hether  slov/-crack- 
extension  data  from  tensile  specimens  can  be  used  for  pressure 
vessels. 


Reference  11. 
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Only  pressure  vessel  No.  1  was  stressed  beyond  Its  yield 
strength;  the  others  failed  below  the  yield  strength.  All  vessels 
showed  evidence  of  failure  by  propagation  of  a  crack.  Prom  the 
observation  of  the  fracture  face,  the  source  of  fracture  initiation 
v;as  determined  since  the  chevron-like  fracture  markings  pointed 
tov/ard  the  source.  An  estimate  was  made  of  the  critical  crack 
length  at  the  onset  of  rapid  crack  propagation.  This  approximate 
critical  crack  length,  2c,  the  average  yield  stress  of  223^000  psl 
of  the  weldments  of  H-11  steel  No.  2,  and  the  failure  stress  a  in 
the  v/eld  of  the  vessel,  were  used  in  equation  5  to  obtain  an 
approximate  strain-energy  release-rate  value  Gq  for  the  weldments. 

The  Gf,  values  presented  in  Table  33.  ranging  from  I56  to  336  In-lb 
per  square  inch,  agrees  fairly  well  with  reported  values  of  240  to  284 
pounds  per  inch  for  .OdO"-thick  unwelded  Vascojet  1000  steel  having 
a  nominal  yield  strength  of  239.000  psl^.  It  is  misleading  to 
compare  Gq  values  of  steels  of  different  thickness  since  Gc  values 
vary  with  thickness. 


GENERAL  DISCUSSION 


The  investigation  to  determine  the  cracking  susceptibility 
of  the  weld  metals  showed  that  both  low  and  high  temperature 
cracking  could  occur  in  plate  specimens  under  high  (maximum 
Lehigh)  restraint.  Cracking  was  not  obsei*ved  in  the  non-rest  rained 
butt-weld  plate  weldments  from  which  the  mechanical  specimens  v/ere 
taken.  Preheats  as  low  as  400  F  were  used  for  these  tests.  For 
higher  aunounts  of  restraint,  the  preheat  temperature  should  be 
increased  to  reduce  the  cooling  rate  and  pi?event  an  acicular 
microstructure  upon  the  formation  of  martensite  after  welding. 

Sheet  specimens  were  welded  by  the  manual  TIG  process  as 
readily  as  by  the  automatic  TIG  process.  Mechanical  properties 
of  v;eldments  prepared  by  the  manual  process  were  comparable  to 
those  prepared  by  the  automatic  process. 

The  welding  of  plate  with  the  TIG  process  resulted  in  several 
unusual  effects.  Those  weldments  from  v/hlch  the  tensile  specimens 
v;ere  to  be  taken  contained  lack  of  penetration  even  though  the 
energy-input  of  the  TIG  process  was  higher  than  that  of  the  MIG 
process.  Voltage  and  amperage  were  lower  for  the  TIG  process  but 
the  slower  travel  speed  of  the  TIG  process  resulted  in  a  higher 
energy.  The  Charpy  impact  specimens  did  not  show  any  lack  of 
fusion;  but  upon  testing,  a  narrow  region  of  unusual  appearance 
(shovm  In  Figure  26)  was  observed  in  the  center  of  the  fracture 
face  in  the  region  of  maximum  tenslle-bending-stress.  The  narrow 
region  v/as  the  fusion  line  which  acted  as  a  metallurgical  notch 
resulting  in  low  fracture-energy  values. 


T 
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Various  cleaning  procedures  were  evaluated  early  in  the  pro¬ 
gram  for  steel  No.  3  using  radiography  of  a  two  percent  penetrameter 
sensitivity  to  determine  the  presence  of  porosity.  This  level  of 
sensitivity  was  not  adequate  to  locate  porosity  which  Initiated 
fractures  of  the  plate  tensile  specimens  of  steel  No.  3.  Subse¬ 
quently,  for  the  other  steels,  weld  wire  was  cleaned  by  a  power- 
wire  brush  process  and  the  arc  voltage  was  maintained  within  a 
very  narrow  range  which  prevented  aspiration  of  air  Into  the  weld. 
Variation  of  the  voltage  was  accompanied  by  variation  of  the  amper¬ 
age  to  maintain  the  prescribed  energy  Input.  These  procedures 
reduced  the  incidence  of  porosity  by  about  50  percent  In  weldments 
of  the  other  steels  which  were  Inspected  by  radiography  of  one 
percent  penetrameter  sensitivity.  Very  fine  porosity  was  found 
occasionally  in  the  fracture  faces  (not  having  been  detected  by 
the  one  percent  radiography  sensitivity),  but  it  usually  did  not 
appear  to  have  contributed  to  the  Initiation  of  the  fracture. 

Large  lamallar  Inclusions  were  sometimes  found  (lying  In  the 
plane  of  the  plate)  In  tliese  steels.  It  did  not  appear  that  these 
Inclusions  contributed  to  failure  I  however,  they  caused  a  tem¬ 
porary  diversion  of  the  direction  of  a  propagating  crack. 

Mlcrostz^icture  studies  of  weldments  before  hardening  and 
tempering  revealed  that  certain  welding  conditions  produced  ques¬ 
tionable  mlcrostructuresi  however,  the  objectlonal  features  of 
these  microstructures  generally  disappeared  upon  hardening  and 
tempering.  It  was  found,  for  example,  that  when  a  weld  was  not 
allowed  to  cool  to  form  martensite  but  was  heated  from  the  preheat 
temperature  to  the  postheat  temperature  of  I330  P  and  held  for  two 
hours,  the  austenite  was  not  held  Isothermally  a  sufficient  time  to 
produce  high  temperature  transformation  products.  As  a  result,  large 
regions  of  as-quenched  martensite  were  formed  upon  air  cooling. 

This  process  Is  commonly  used  In  Industry  but  It  Is  believed  not 
to  be  a  safe  stress-relief  process. 

Subsequently,  a  process  (C4X)  was  used  In  which  the  weld  was 
postheated  at  I330  F  for  four  hours  rather  than  two  hours  to 
transform  all  the  austenite.  The  longer  Isothermal  hold,  however, 
resulted  In  segregated  regions  of  higher  carbon  concentration  and 
slight  chaln-llke  carbide  precipitation. 

Carbide  segregation  and  precipitation  occurs  In  these  steels 
If  they  are  held  Isothermally  or  are  cooled  very  slowly  In  the 
temperature  region  of  the  nose  of  the  Isothermal  transformation 
diagram.  Most  of  the  chaln-llke  precipitation  was  light  and 
disappeared  upon  haMenlng  and  teroperlngi  however,  such  precipi¬ 
tates  would  weaken  structures  In  the  as-ifelded  condition.  Postheat 
condition  3,  which  utilized  a  slow  cool  from  I7OO  P  to  1330  P, 
produced  grain-boundary  praclpltates  which  dlsappearad  upon 
hardening  and  tempering  and  did  not  cause  a  reduction  In  mechanical 
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properties  after  the  hardening  heat  treatments.  Nevertheless,  the 
use  of  a  heat  treatment  producing  a  carbide  network  Involves  some 
risk. 


Several  new  mechanical-property  tests  which  have  not  been 
often  used  to  date  were  used  In  this  prograun.  The  transverse- 
notch  longitudinal-weld  test  Indicated  that  most  failures  Initiated 
In  the  weld  or  HAZ  region  rather  than  In  the  base  metal,  as  well 
as  providing  notched  to  un-notched  strength  ratios.  The  A2  and 
B2  welding  conditions  had  a  higher  Incidence  of  base  metal 
Initiations  than  the  other  conditions.  Notches  of  .005-lnch  radius 
did  not  appreciably  reduce  the  strength  of  many  of  the  specimens. 

The  notch  tanslle  test  was  found  to  reveal  an  abnormal  condition 
more  readily  than  the  un-notched  test. 

The  V-notch  Charpy  test  provided  very  low. Impact  values  which 
did  not  vary  appreciably  over  a  range  of  temperatures*  When  a 
1/2-lnch  radius  was  used,  however,  the  energy  values  had  a  more 
meaningful  range  and  considerable  scatter  with  temperature.  Any 
metallurgical  defects  In  the  weld  are  quickly  revealed  since  the 
notch-effects  of  the  defects  are  not  overshadowed  by  a  sharp  V-notch. 
The  large-radius  Charpy  test  appears  to  be  quite  favorable  for 
weldability  studies  of  tool  steels. 

liOngltudlnal-weld  bend  tests  are  not  new;  however.  It  Is 
significant  that  when  the  specimen  surfaces  are  gound,  different 
plastic  flow  patterns  of  the  weld,  HAZ,  and  base  metal  can  be 
observed  which  reveal  the  heterogeneous  plastic  flow  charaolTerlstlcs 
of  the  weldment.  Such  patterns  merit  further  study  since  the 
attainment  of  a  uniform  flow  pattern  across  the  weldment  would 
Indicate  an  Ideally  homogeneous  weldsMnt. 

The  sheet  impulse-bulge  test  permitted  the  evaluation  of  a 
sheet  weldment  under  a  sudden  Impulse-load  on  a  relatively  Inexpensive 
specimen  as  compared  with  a  pressure  vessel.  The  maximum  principal 
stresses  (In  the  center  of  the  vessel)  are  equal  In  all  directions 
and  provide  a  comparison  with  the  2:1  ratio  of  principal  stresses 
of  the  pressure  vessel. 

The  dynamic  testing  of  pressure  vessels  provides  data  on  the 
effects  of  high  loading  rates  on  actual  vessels  which  are  not 
generally  available.  The  dynamically-tested  vessels  were  the 
stronger.  The  fracture  of  vessels  No.  1  (dynamic)  and  No.  3 
(static)  both  Initiated  In  a  girth  (cylinder  to  head)  weld  and 
the  sources  were  similar  In  appearance.  The  statically-loaded 
vessel  failed  at  4800  psl  while  the  dynamically-loaded  vessel 
failed  at  a  much  higher  pressure  (estimated  to  be  about  7930  psl). 
Similarly,  the  fractures  of  vessels  No*.  2  (dynamic)  and  No.  4 
(static)  were  similar.  Initiating  In  the  longitudiml  weld  (possibly 
from  porosity);  however,  the  failure  pressure  of  the  static  vessel 
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was  3300  psl  as  compared  with  5500  psl  for  the  dynunlcally  loaded 
vessel.  It  Is  postulated  that.  In  the  statically  loaded 
vessels,  fracture -Initiating  cracks  were  able  to  grow  as  the  load 
was  slowly  Increased.  Since  fracture  stress  Is  Inversely  propor¬ 
tional  to  the  square  root  of  the  crack  ler^th,  the  strength  of  the 
vessel  was  reduced  by  the  slow-crack  growth.  For  the  dynamic 
tests,  the  load  Increased  so  rapidly  that  no  crack  growth  could 
occur  before  the  stress  reached  the  (higher)  critical  stress 
corresponding  to  the  shorter  crack  length. 

Weld  repairs  were  made  on  the  pressure  vessels  and  bulge 
specimens.  Cracks  appeared  to  propagate  more  rapldxy  through  the 
repaired  regions  of  the  weld,  than  through  the  unrepaired  weld 
metal.  However,  failure  Initiated  at  a  repair  weld  In  only  one 
pressure  vessel.  The  effects  on  mechanical  properties  of  repair¬ 
ing  welds  of  these  steels  should  be  Investigated  further. 

Ihe  statistically  designed  Investigation  for  steel  No.  3 
was  considered  necessary  to  determine  effects  of  welding  parameters 
on  properties  after  hardening  and  tempering.  'Hie  statistical 
experiment  suffers  the  disadvantage  that  data  for  each  condition 
must  be  obtained  In  order  to  perform  a  ccxnplete  analysis.  If,  for 
some  reason,  several  specimens  do  not  provide  valid  data,  then 
the  statistical  analysis  becomes  Impossible  .  Nevertheless,  a 
maximum  of  Infoxmiatlon  Is  provided  for  a  given  nuniber  of  tests 
with  a  measurable  degree  of  accuracy  by  this  method.  Furtheraore, 

It  Is  the  only  means  of  determining  the  effects  of  Interactions 
of  one  variable  upon  another  which  was  proven  to  be  Important  In 
this  study.  The  Interaction  between  preheat  and  energy  Input  Is 
quite  strong.  Effects  of  weld  conditions  on  mechanical  properties 
were  discerned.  A  low  preheat  and  enex^  Input  Increased 
properties,  possibly  by  limiting  the  extent  of  the  heat -affected 
zone;  however,  the  effects  were  quite  small  and  for  all  practical 
purposes.  Insignificant,  nie  hardening  and  tempering  operations 
appeared  to  wipe  out  the  effects  of  welding  conditions.  Far  more 
critical  was  the  tempering  temperature.  The  hardness  (and  strength) 
for  these  steels  Is  quite  sensitive  to  small  changes  In  tempering 
temperature . 

The  six  steels  can  be  compared  (provided  the  liailtatlons  of 
using  a  common  tempering  temperature  are  kept  In  mind)  by  reference 
to  Table  34  In  which  the  average  values  of  mechanical  properties 
for  the  six  steels  are  presented.  The  H-11  steel  No.  3  as  well 
as  H-I3  steel  No.  6,  suffered  the  least  loss  of  properties  from 
welding.  The  tempering  of  steel  No.  6  at  IO30  F  rasulted  In  good 
ductility  and  notch  strength.  The  H-I3  steel  No.  5  would  have  been 
Improved  by  tempering  at  a  higher  temperature,  while  steel  No.  1 
had  low  weld  elongation.  Steel  No.  1  was  found  to  be  the  most 
susceptible  to  the  formation  of  weld  porosity,  and  since  weld 
porosity  was  found  to  reduce  elongation,  porosity  may  have  been 
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TABLE  34.  A  CQHMkXSOII  OF  AVnACB  VALUES  OF  NECNAIIICAL  FtOFBBTIBS  OF  UMUELDBD  AMD  MELDED  SHEET  AMD  PLATE 
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(a)  SoaM!  of  the  plat*  bond  speciMns  did  not  fraeCur*  at  tha  full-load  capacity  of  tha  boadiag  davica;  hence, 
actual  band  alongAtion  of  the  weld  was  greater  than  that  which  could  be  obtained. 


the  cause  of  the  observed  lower  weld-elongation  values*  The  high 
notch-strength  of  this  steel  pei4iaps  reflects  Its  potential 
toughness  In  the  absence  of  porosity. 

Since  base  metal  properties  of  sheet  and  plate  would  be 
expected  to  be  Identical  (having  been  obtained  from  the  same  heat 
treatment),  base  metal  properties  of  plate  were  not  determined. 

The  tensile  strengths  of  plate  weldments  of  steels  No.  2  and  6 
equal  those  of  the  sheet  base  metal  while  yield  strengths  of  all 
plate  weldments  are  higher  than  those  of  sheet  base  metal.  They 
v/ere  obtained  by  the  deflectometer  rather  than  an  extensometer; 
hoxvever,  they  should  be  accurate  considering  the  refinements  from 
the  equivalent -gage -length  method  used  for  these  specimens. 

Table  35  presents  a  summary  of  the  mechanical  properties  of 
H-11  steel  No.  2  as  determined  from  tensile,  bend,  bulge,  and 
pressure-vessel  tests.  Bend  elongation  (of  the  outer-fiber)  is 
higher  than  tensile  elongation,  as  is  the  usual  case.  The 
elongations  (22^)  at  failure  of  the  bulge  specimens  were  larger 
than  those  of  the  pressure  vessels  (b-15^)  which  were  in  turn 
larger  than  those  of  the  transverse  weld  tensile  specimens  (5.0Ji), 
and  unwelded  base-metal  tensile-specimens  (5.b^).  It  is  not  known 
why  the  elongations  of  the  biaxlally  loaded  bulge  specimens  whould 
be  so  high  unless  bending  stresses  are  greater  than  membrane 
tensile  stresses.  This  l8  unlikely  (especially  in  the  center  of 
the  specimen). 

Transverse-vreld  strengths  of  weldments  of  H-11  steel  No.  2 
were  reduced  in  the  order  of  20  percent  by  a  short-time  heating 
to  1000  F,  and  by  34  percent  as  a  result  of  a  hold  at  1000  P  for 
24  hours  prior  to  testing.  No  decrease  in  strength  was  observed 
at  Boo  F,  however.  A  comparison  of  haiTdness  values  before  and 
after  testing  indicates  that  secondary  hardening  occurred  at  800  P 
v/hile  a  24-hour  hold  at  1000  P  decreased  the  hardness. 

SUMMARY  AND  CONCLUSIONS 


1.  Statistical  analysis  of  variance  study  by  an  electronic 
computer  revealed  that  the  preheat,  postheat,  and  energy 
input  do  not  appreciably  influence  the  mechanical  properties 
of  modified  H-11,  H-12,  and  H-13  steels  after  hardening  and 
tempering  tz*eatments. 

2.  The  mechanical  properties  and  welding  characteristics  of  the 
six  hot-work  tool  steels  investigated  were  not  identical. 
Even  the  two  H-11  steels  had  different  tempering  character¬ 
istics,  as  did  the  two  H-I3  steels. 

3.  It  is  evident  that  the  IO50  P  tempering  temperature  for  H-I3 
steel  No.  6  resulted  in  weldment-elongation  nearly  equal  to 
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TABLE  3S.  ICCMANICAL  PROPEKTIBS  OP  H-11  STEEL  NO.  2  SHEET  SPECDCNS 
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(b)  Elot«aCion  in  a  l/4>lnch  8«Sc  IcBEth,  as  datamlned  by  strain 

(c)  Elongation  in  a  1/2-inch  gaga  length,  as  datarainad  by  strain 

(d)  Nasdnal  fracture  strength. 


that  of  the  base  metal  and  a  notch  strength  In  the  order  of 
base  metal  strength.  However,  this  same  IO30  F  tempering 
temperature  did  not  give  such  good  properties  for  all  weld¬ 
ments.  For  example,  the  weld  elongation  of  H-I3  steel  No.  5 
was  66  percent  below  that  of  the  base  metal  and  the  notch 
strength  was  only  77  percent  of  the  tensile  strength  of  the 
base  metal.  It  might  be  concluded  that  weld  elongation  and 
notch  sensitivity  of  the  other  steels  could  be  made  to  approach 
that  of  unwelded  base  metal  by  tempering  at  temperatures 
slightly  higher  than  1050  F.  However,  the  strength  would  be 
reduced  by  the  higher  tempering  temperature. 

4.  The  strength  properties  of  the  welded  sheet  steels  were  within 
14  percent  of  the  base  material  for  the  heat  treatment  used, 
while  the  elongation  of  the  welded  specimens  ranged  between 

25  and  66  percent  of  the  unwelded  sheet.  The  greatest  differ¬ 
ence  between  welded  and  unwelded  properties  was  shown  for  the 
modified  H-I3,  steel  No.  5«  probably  because  It  contained  O.50 
percent  cai^on,  0.10  percent  higher  than  the  other  steels. 

5.  Most  of  the  mechanical-test  failures  Initiated  In  the  weld 
metal  even  though  no  metallurgical  welding  defects  were  present. 
Hardening  and  tempering  did  not  eliminate  the  columnar  pattern 
of  the  weld  microstructure. 

6.  Cez*taln  welding  conditions  caused  the  formation  of  mlcro- 
structui:*e8  such  as  untempered  martensite  and  cax^lde  networks; 
these  might  contribute  to  low  mechanical  properties  If  the 
welds  were  not  subsequently  hardened  and  tempered,  as  Is  the 
case  for  many  final  closure-welds  and  large-structural  welds. 

7.  The  1/2-lnch  radius  of  the  Impact  specimens  was  not  acute 
enough  to  cause  stress  concentration.  Any  notch  effects 
present  stemmed  from  metallurgical  weld  defects.  The 
Impact-energy  transition  temperature  range  was  -90  F  to 
-190  F  for  weld  metal  and  -I30  F  to  -230  F  for  base  metal  of 
plate  weldments;  In  considering  these  tanperatures  It  must 

be  realized  that  a  very  generous  radius  was  used.  This  large 
radius,  Charpy-lmpact-test  specimen  appeared  to  be  more 
suitable  than  the  standard  V-notch  test  for  comparing  the 
toughness  of  ultra-high  strength  steels  and  weld  metals. 

8.  Bend  deformation  patterns  In  the  weld  and  metallographlc 
micro-examination  Illustrated  the  existence  of  heterogeneity 
between  base  and  weld  metal  after  hardening  and  tempering. 

9.  The  high-strength  pressure  vessel,  tested  dynamically,  failed 
In  the  base  metal  at  90  degrees  from  the  weld.  Dynamically 
tested  vessels  were  of  higher  strength  than  the  statically 
tested  vessels.  The  tv/o  pressure  vessels  tested  at  strain  rates 
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in  the  order  of  five  to  eight  inches  per  inch  per  second  were 
a  minimum  of  8.8  percent  and  a  maximum  of  57*5  percent  stronger 
than  the  two  vessels  tested  statically. 

10.  Modified  H-11  steel  No.  2  maintained  transverse  tensile  v/eld 
strength  of  205,000  psl  to  800  F  but  decreased  to  190,000  psl 
at  1000  P;  a  further  decrease  in  strength  to  156,000  psl  at 
1000  P  was  noted  after  holding  at  1000  P  for  24  hours. 

11.  Lehigh  restraint  test  studies  indicated  that  both  hot  and  cold 
cracking  can  occur,  with  the  occurrence  of  the  latter  more 
likely.  Low  temperature  cracking  can  be  prevented  by 
increasing  the  preheat  for  most  of  the  steels  studied  in  this 
program . 

12.  Small  defects  v?hich  v;ere  not  detected  by  the  two  percent 
penetrameter  radiographic  sensitivity  were  the  source  of 
fracture  initiation  in  weldments  of  these  steels.  Very  high 
radiographic  standards  should  be  used  for  the  inspection  of 
v/elds  in  these  steels. 

13.  V/eld  Jnetal  porosity  was  the  most  commonly  encountered 
metallurgical  defect  for  the  consumable-electrode  welding 
process.  It  v/as  found  that  arc-voltage  must  be  maintained 
within  a  narrov;  tolerance  to  prevent  porosity  in  the  v/eld 
metal.  Steel  No.  1  v/as  more  susceptible  than  the  others  to 
the  formation  of  porosity  in  the  v/eld  metal.  Porosity  in  the 
welds  reduced  tensile  and  bend-elongation  values  but  did  not 
affect  the  yield  or  ultimate  tensile  strength  appreciably. 

14.  Tensile  properties  of  weldments  prepared  by  the  TIG-manual 
process  were  comparable  with  those  prepared  by  the  TIG-automatic 
process.  However,  the  bend  properties  of  the  TIG-manual  welds 
v/ere  better  than  those  prfc''ared  with  the  TIG-automatic  process. 

15.  Impact  properties  of  TIG  plate -v/eldments  v/ere  erratic.  Sat¬ 
isfactory  tensile  data  were  not  obtained  for  the  TIG  plate- 
weldments  because  lack  of  penetration  was  encountered. 

RECCT!!!ENDATIOMS 

1.  The  effects  of  various  repair  welding  techniques  on  mechanical 
properties  should  be  investigated  for  these  steels. 

2.  The  effects  of  v/eldlng  conditions  on  the  mechanical  properties 
of  as -welded  (unhardened  and  tempered)  weldments  would  be 
pronounced  and  should  be  studied. 

3.  The  advantages  of  using  vacuum-melted  steels  and  filler  metals 
should  be  investigated. 
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4.  A  hardening  and  tempering  study  should  be  conducted  for  the 
six  steels  to  determine  optimum  heat  treatment. 

5.  Various  external  methods  such  as  vibrations  should  be  con¬ 
sidered  as  a  method  of  eliminating  the  columnar  weld  structures 
that  exist  even  after  hardening  and  tempering. 

6.  Homogenizing  treatments  should  also  be  considered  as  a  method 
of  reducing  chemical  segregation  In  the  weld  deposit. 

Y.  The  influence  of  cooling  rates  on  solidification,  which  in 

turn  effect  the  dendritic  spacing  and  microsegregation  of  weld 
deposits,  should  be  studied. 
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APPENDIX  1 
CALCULATIONS 
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DETERMINATION  OF  WELD  COOLING  RATES 


The  equation  for  the  cooling  rate  at  the  center  of  a  v/eld 
for  two-dimensional  heat  flow  is  as  follows^; 


dT 

ax 


V  =  Op  (^)‘ 


(t-t^)3 


(9) 


Where;  T  =  steady  temperature  in  the  solid  at  a  point  on  the 
m  center  line 

^o  ■  Initial  (preheat)  temperature  of  plate 
V  ®  velocity  of  the  source 
K  =  thermal  conductivity  of  plate 
P  ■  density  of  plate 
Cp  a  specific  heat  of  plate 
q  «  rate  of  heat  flow  from  source 
t  >  plate  thickness 

Using  the  following  values  for  the  restraint  tests  performed 
in  this  program  we  may  obtain  the  cooling  rate  at  1000  F  for  a 
400  P  preheat. 


T  ■  1000  F 
To  «  400  P 

I  :  _|r<hin_. 

^  in  -sec-  P 
p  »  .28  Ib/in^ 

Cp  -  .16 

Ib-F 

t  ■  1/2  in 

Welding  Volts  v  -  29 
V/eldlng  Amp  a  *»  355 
q  »  V  a  Joules/sec 

q  =  29(355)  -  9.77  BTU/sec 
1052 

^  V  «  27r3.8  X  lO""^  (.28)(.l6)C^|3C^i)^  (1000-400)3 
^  V  =  (1.12  X  10'^)  (1.42  X  10"^^)  (216  X  10°) 


dT 

ax 


V 


3.43 


sec 


Reference  12. 
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CALCULATION  OF  BEND  ELONGATION 


The  percent  elongation  of  the  outer  tensile  fiber  of  a  bend 
specimen  is  given  by  the  equation^: 

"  =  5rVt 

v/here:  t  =  specimen  thickness 

r  =  minimum  inside  bend  radius  of  specimen  at  fracture 

For  the  ,07 ^9-inch  thick  specimen  of  Weldment  No,  42  which 
had  a  minimum  bend  radius  of  ,5  inch,  the  percent  elongation  is: 

®  “  i'iV6V?9)  (100)  =  7  percent 

CALCULATION  OF  EQUIVALENT  LENGTH  FOR  HIGH 
TEMPERATURE  TENSILE  SPECIMENS 

Symbol  Notation 

1,  Length  of  the  portion  of  tensile  specimen  having  width 
-  ,5  inch, 

1_  Length  of  the  portion  of  tensile  specimen  having  width 
^  V/g  «  ,75  inch  extending  beyond  top  grip, 

1^  Length  of  the  portion  of  tensile  specimen  having  width 
^  ■  *75  inch  extending  beyond  bottom  grip. 

li^  Length  of  the  portion  of  tensile  specimen  In  region  where 
^  v/idth  reduces  from  ,75  to  ,5  inch  having  an  equivalent 
constant  width  of 

e  Elongation,  in, 

€  Unit  lateral  strain.  In/in 
S  Stress,  lbs/in2 

A  Cross  sectional  area,  In^ 

t  Thlcicness,  in, 

P  Load,  lbs 
E  Young's  Modulus,  psi 

Total  elongation  is  equal  to  the  sum  of  the  component  elonga¬ 
tions,  Total  strain. 


Reference  13,  p, 104-105 
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+  eg  +  +  2e^ 


“  -  E  or  e 
e 


P 

SE" 


P  and  E  are  the  same  for  evej?y  value  of  e  ,  hence 


P 


Substituting  In  the  equation  for  e,j,  above 
®T  *  E  ^4 


I  (i 


^1  +  ^2  +  1' 


2  1, 


•‘g  +  “  *4v 

®T  “  "  E  **2^2  **3^3  *^4^4 

However,  the  thickness  t  Is  constant  for  the  entire  length  of  the 
specimen,  hence 

1,  .  .  1,  .  2  1. 


^  'w 


rli  +  _2  +  _i  + 

«liir^  laT  W 


W2  w^ 


(11) 


Assume  a  uniform  specimen  of  the  same  thickness  and  of  width  w^ 

(wi  -  .3  In.),  having  an  equivalent  length  1^  so  that  the  elonga¬ 
tion,  eu,  for  the  uniform  specimen  Is  the  same  as  eq*  for  the  actual 


test  specimen;  e 


u 


'T* 


!V  .  t  iii) 

Ewp  HP  Wg  w^  w^  • 

1,  1.  1,  2  1. 

1  «  W  -i  _ 

■^eq  '^l  Wg  w-  f 


For  one  of  the  specimens  (Ig  and  1^  varied  for  different  specimens) 


2.25" 


w. 


0.50" 
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1 

1 

1 


2 

3 

4 


eq 

^eq 


eq 


eq 


1.06"  Wg  -  0.75" 

1.24"  «  0.75" 

0.45"  yin  »  0.62" 

It  “  5.45 


0.50 


2.25  +  1.06  +  1.24  +  2 


0.50  (4.5  +  1.41  +  1.65  +  1.45) 


0.5  (9.01) 


^.5"  (gage  length) 


e 


Although  the  total  length  of  the  variable  width  specimen  between 
grips  was  5*45  Inches,  Its  strain  behavior  was  the  same  as  a  sped 
men  of  a  constant  width  of  .5  Inch  of  length  4.5  Inohes. 

CALCULATION  OF  THE  BULGE  SPECIMEN  STRESS  PROM  MAXIMUM  DELPECTION 


The  maximum  membrane  stress  Is  given  as  a  function  of  the 
maximum  deflection  for  a  clumped  circular  membrane  from  the 
equation^: 


o 


(12) 


where  P  ■  the  pressure,  psl 
t  ■  the  thickness.  In. 

R  >  the  radius  of  the  membrane.  In. 
w  ■  the  maximum  deflection.  In. 
a  ■  the  maximum  stress,  psl 

Since  maximum  deflection  was  not  measured  during  the  test, 
only  the  no  load  plastic  deflection  remaining  after  the  test  could 
be  measured.  This  deflection,  after  spring-back,  was  0.81  Inch, 
hence 

Prom  geometric  considerations  stress  can  be  determined  frcxn 
strain  by  the  equatlon2: 


Reference  13,  p.  138-139 
^  Reference  I3,  p.  138-139 
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(13) 


-  (at')- 

2Ut‘^€  ^ 

The  principal  strains  are  equal  at  any  point  on  a  circular 
membrane.  For  bulge  specimen  5  the  maximum  strain  e  »  .0053  at 
2000  psi. 


^  24 (.0053) 

a  -  234,000  psi 


(2000)4 

.096 


CALCULATION  OF  STRAIN  ENERGY  RELEASE  RATE  EQUATIONS 

The  derivations  of  equations  5  and  6  are  as  follows. 

The  original  equation  for  crack  propagation  in  brittle  frac¬ 
ture  in  an  infinite  stress  field  as  derived  by  Griffith  Is^: 

»2.^orE  (14) 

Irwin  replaced  the  surface  tension  term  ^  with  the  terra  Gc 
to  Include  both  surface  tension  and  local  plastic  flow  at  the  crack 
faces.  The  Griffith  equation  then  becomes; 

E  G^  •TTo^c  (15) 

v/hlch  is  applicable  to  very  wide  tensile  specimens  and  pressure 
vessels  which  can  be  considered  as  having  an  Infinite  stress  field. 

For  center-notch  specimens  of  finite  width,  Irwin  developed 
a  correction  factor  for  equation  (15)  as  follows; 

E  G^  “  o  ^w  tan  (16) 

Irwin  attempted  to  separate  the  influence  upon  the  G<;  term  of 
local  stress  relaxation  due  to  crack  extension  as  distinguished 
from  plastic  strain  at  the  crack  front  by  substituting  the  factor 
(c  +  Ac)  for  the  crack  length  c  in  the  previous  equations. 

It  was  deduced  that; 


Symbol  notation  given  on  page  125 
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(17) 


where  Py  Is  the  yield  strength  and  p  Is  a  numerical  factor 
assumed  to  be  1. 


Equations  l6  for  the  center-notch  tensile  specimens  and  15 
for  the  pressure  vessel  become,  upon  substitution  of  (c  +  /^c) 
for  c: 

P  E  G 

Equations  (lo)  E  G.  =  a  tan  (c  +  - 

”  27r  a/ 

V 


Equation  (15)  E  G  =  TT'  (c  +  A  c) 


or  finally 


o  E  G^  <J' 
E  Gp  •*  '77^  a^c  +  — -2 - , 


2  o 


E  G  (1  - 


2  O 


.)  =7rcT 


(18) 


^  °c  “  TTT^ — 


(2  0/  -  <^") 

The  symbol  notations  for  the  preceding  equations  are: 


(19) 


c  ■  one-half  the  crack  length  at  the  onset  of  rapid 
crack  propagation 
E  >  Young's  modulus 

C  «  the  fracture  stress  normal  to  the  crack  at  the 
onset  of  rapid  propagation 
y  ■  the  yield  strength  of  the  material  under  test 
w  «  the  width  of  the  sheet  tensile  specimen 
Gc  ■  strain  energy  release  rate 
y  -  surface  tension 
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